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SUMMARY 

Dimensionless  groups of  t he rma l  modeling pa rame te r s  were d e r i v e d  

t o  i d e n t i f y  methods f o r  t e s t i n g  r e d u c e d - s c a l e  the rma l  models and p r e d i c t i n g  

from t h o s e  expe r imen t s  t h e  the rma l  c h a r a c t e r i s t i c s  o f  f u l l - s c a l e  s p a c e c r a f t  

v e h i c l e s  o r  components. The f o l l o w i n g  h e a t  t r a n s f e r  phenomena were con- 

s i d e r e d  i n  t h e  a n a l y s i s :  

1. Heat t r a n s p o r t  by s o l i d  c o n d u c t i o n ;  

2 .  Heat t r a n s p o r t  a t  s o l i d - t o - s o l i d  i n t e r f a c e s ;  

3 .  Heat g e n e r a t e d  by i n t e r n a l  power s o u r c e s ;  

4 .  I n t e r n a l  ene rgy  changes d u r i n g  t r a n s i e n t s ;  

5 .  Heat t r a n s p o r t  v i a  t he rma l  r a d i a t i o n  e m i t t e d  from 

s u r f a c e s  ; 

6.  Heat t r a n s p o r t  v i a  r a d i a t i o n  absorbed a t  s u r f a c e s .  

Two sets of s c a l i n g  laws f o r  thermal  model ing were d e r i v e d  from t h e  c o n t r o l -  

l i n g  d i m e n s i o n l e s s  g roups .  One s e t  would r e q u i r e  t h a t  t he  t e q p e r a t u r e - t i m e  

d i s t r i b u t i o n s  ( i n  no rma l i zed  space )  o f  model and p r o t o t y p e  be i d e n t i c a l .  

T h i s  cou ld  be  accomplished by f a b r i c a t i n g  t h e  model and p r o t o t y p e  of  d i f -  

f e r e n t  m a t e r i a l s .  Another s e t  would r e q u i r e  t h a t  t h e  model and p r o t o t y p e  

be made of i d e n t i c a l  m a t e r i a l s .  I n  t h i s  case t h e  t empera tu res  i n  t h e  model 

and p r o t o t y p e  would d i f f e r .  

mode l i n g  ; 

We have 

however,  

a t  temp t e d t o  

w e  f i n d  t h a t  

i d e n t i f y  a most 

each  method h a s  

promising method f o r  t he rma l  

merits which may be i d e a l l y  

promising method f o r  t he rma l  

merits which may be i d e a l l y  
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s u i t e d  t o  t h e  thermal  model ing of  a c e r t a i n  s p a c e c r a f t ,  and t h e  d e s i g n  of  

each  d i f f e r e n t  p r o t o t y p e  w i l l  have t o  be  e v a l u a t e d  i n  o r d e r  t o  select  t h e  

b e s t  method. F o r  example,  i n  c e r t a i n  p r o t o t y p e  sys tems i t  may n o t  be POS- 

s i b l e  t o  tes t  a r educed- sca l e  the rma l  model w i t h  i d e n t i c a l  t e m p e r a t u r e s ,  

a t  co r re spond ing  geomet r i c  l o c a t i o n s ,  i f  t h e  the rma l  c o n d u c t i v i t y  of t h e  

p r o t o t y p e  i s  ex t r eme ly  s m a l l .  S i m i l a r l y ,  i t  may n o t  be f e a s i b l e  t o  t es t  a 

thermal  model f a b r i c a t e d  from t h e  same m a t e r i a l  as t h e  p r o t o t y p e  i f  t h e  

s u r f a c e  c h a r a c t e r i s t i c s  o r  t h e  thermal  p r o p e r t i e s  a r e  h i g h l y  t empera tu re  

dependent .  I n  a d d i t i o n ,  t h e  s c a l e  may be l i m i t e d  by t h e  h i g h e s t  a b s o l u t e  

t empera tu re  level t o l e r a b l e  i n  t h e  model and t es t  chamber. 

Two thermal  models (one 

t e d  i n  accordance  w i t h  t h e  s c a l i n g  

t empera tu res  a t  i d e n t i c a l  geomet r i c  

approximate ly  h a l f  s c a l e )  were f a b r i c a -  

l a w  which would p r e d i c t  e q u i v a l e n t  

l o c a t i o n s .  The model t empera tu re  d i s t r i -  

b u t i o n s  were measured i n  a "cold" (LN t empera tu re )  w a l l  vacuum chamber 2 

The d e t a i l s  o f  t h e  tes t  resu l t s  and t h e  a p p a r a t u s  are p r e s e n t e d  i n  S e c t i o n s  

I1 and I11 of  t h i s  r e p o r t .  

The r e s u l t s  of t h e  tests i n d i c a t e  t h a t  t h e  thermal  model ing con- 

c e p t  adopted  f o r  t h i s  program is  p r a c t i c a l ;  however,  w e  encoun te red  some 

e x p e r i m e n t a l  d i f f i c u l t i e s  w i t h  t h e  s m a l l  models used i n  t h i s  program. I n  

t h e  smallest s c a l e  model t h e  i n p u t  power d i s s i p a t e d  was o f  t h e  o r d e r  of 700 

m i l l i w a t t s ,  and f o r  t h i s  i n p u t  power range  one must be concerned w i t h  t h e  

e f f e c t s  o f  i n s t r u m e n t a t i o n  and power l e a d s ,  U n c e r t a i n t i e s  i n  t h e  h e a t  f low 



v i i  

c h a r a c t e r i s t i c s  of such l e a d s  thus  i n f l u e n c e  t h e  expe r imen ta l  accuracy  of 

the rma l  modeling on such a s m a l l  s c a l e .  

I n  summary, w e  b e l i e v e  t h a t  p r e c i s e  thermal  modeling i s  i n -  

h e r e n t l y  l i m i t e d  by t h e  s i z e  of t h e  s m a l l e s t  s c a l e d  model ( a s  measured by 

t h e  i n p u t  power pe r  u n i t  volume).  I f  it: i s  n e c e s s a r y  t o  conduct  thermal  

modeling exper iments  and o b t a i n  a h igh  degree  of  accuracy  a t  low i n p u t  power 

l e v e l s ,  f u r t h e r  work w i l l  be r e q u i r e d  t o  i d e n t i f y  and e l i m i n a t e  t h e  un- 

c e r t a i n t i e s  involved  i n  in s t rumen t ing  t h e  t es t  models .  



‘T5e b a s i c  ot?_aective of oi-i?~ program i s  to  i n v e s t i g a t e  methods 

f ~ r  p r e d i c t i n g  t h e  the rma l  Yerfornance of a f u l l - s c a l e  s p a c e c r a f t  package 

32- i t s  cornponects f:+om gro-nd t e s t i n g  of  r e d u c e d - s c a l e  models ,  The sub-  

j e c t  mater ia l  c o r t a i n e d  i n  t h i s  r e p o r t  d e a l s  w i t h  t t e  f i r s t  phaseof  ar. 

o v e r - a l l  p r o g r a n  w h i c h  e n t a i l s  t h e  t e s t i n g  of scale  models of a s i m u l a t e d  

s p a c e c r a f t .  The purpose of t h i s  Phase I e f f o r t  i s  t o  e v a l u a t e  approaches 

t o  t h e  the rma l  modeling p rc83 i i - s  and t o  d e v i s e  and u n d e r t a k e  c e r t a i n  b a s i c  

expe r imen t s  t o  e v a l u a t e  t h e  thermal  model ing laws proposed f o r  f u t u r e  

phases  I 

T h i s  program i s  b e i n g  funded by t h e  Jet P r o p u l s i o n  L a b o r a t o r y  

of t h e  C a l i f o r n i a  I n s t i t u t e  of Technology,  The T e c h n i c a l  R e p r e s e n t a t i v e  

9f t h e  Je t  F r c p u l s i o n  L a b Q r a t o r y  f o r  t h i s  program i s  D r .  J. F .  V i c k e r s .  
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THERMAL MODELING OF A SIMULATED J P L  SPACECRAFT 
PHASE I RESULTS 

I .  THE THERMAL NODELING PROBLEM 

A INTRODUCTION 

The b a s i s  f o r  model ing any p h y s i c a l  sys t em must be t h e  d e r i v a -  

t i o n  o f  t h e  independent  d i m e n s i o n l e s s  groups c o n t a i n i n g  ( t o g e t h e r )  a l l  t h e  

p h y s i c a l  q u a n t i t i e s  which i n t e r a c t  t o  de t e rmine  t h e  behav io r  of t h i s  

system. Once hav ing  de te rmined  t h e  f u n c t i o n a l  r e l a t i o n s h i p  between t h e  d i -  

mens ion le s s  groups by a n a l y s i s  o r  expe r imen t  t h e  p h y s i c a l  behav io r  of a l l  

s i m i l a r  systems i s  c o m p l e t e l y  c h a r a c t e r i z e d .  The advan tages  of t h i s  ap-  

p roach  s t e m  from t h e  f a c t  t h a t  t h e  independen t  v a r i a b l e s  c o n t r o l l i n g  t h e  

behav io r  of  t h e  sys t em are reduced t o  a minimum, and ,  i n  cases where e x p e r i -  

ment i s  r e q u i r e d  t o  de t e rmine  t h e  b e h a v i o r ,  t es t s  a t  a reduced geomet r i c  

scale can be  used t o  p r e d i c t  t h e  behav io r  of a l a r g e r  sys t em.  

The l ea s t  number of  d imens iona l  q u a n t i t i e s  needed t o  d e s c r i b e  

t h e  system and i t s  i n t e r a c t i o n  w i t h  i t s  environment  must be determined by 

p h y s i c a l  r e a s o n i n g .  T h i s  i m p l i e s ,  and r e q u i r e s ,  a n  u n d e r s t a n d i n g  of t h e  

a c t i v e  p h y s i c a l  phenomena. 

I n  t h e  case of  t h e  the rma l  modeling o f  s p a c e c r a f t  w e  are con- 

cerned w i t h  t h e  t empera tu re  d i s t r i b u t i o n s  which r e s u l t  from i n t e r n a l  power 

s o u r c e s  and t h e  the rma l  i n t e r a c t i o n  of  t h e  c r a f t  w i t h  i t s  env i ronmen t .  

Although c l o s e d - c y c l e  thermodynamic s y s t e m s  i n v o l v i n g  flow loops and power Although c l o s e d - c y c l e  thermodynamic s y s t e m s  i n v o l v i n g  flow loops and power 
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machinery may be p r e s e n t  i n  many s p a c e c r a f t ,  w e  c o n f i n e  o u r  a t t e n t i o n  to  

s p a c e c r a f t  e l emen t s  where in  t h e  t e m p e r a t u r e  d i s t r i b u t i o n s  are de te rmined  by 

h e a t  t r a n s f e r  v i a  t h e  mechanisms of  r a d i a t i o n  and conduc t ion  i n  s o l i d  mem- 

b e r s .  I n  o r d e r  t@ d e r i v e  the  d imens iona l  q u a n t i t i e s  which de te rmine  t h e  

the rma l  behav io r  r>f t h i s  c lass  of s p a c e c r a f t  sys t em i t  i s  u s e f u l  t o  t h i n k  i n  

terms of t h e  f o l l c w i n g  a c t i v e  h e a t  t r a n s f e r  phenomena: 

1. Heat t r a n s p o r t  by s o l i d  conduc t ion  

2. Heat t r a n s D o r t  a t  s o l i d - t o - s o l i d  i n t e r f a c e s  

3 ,  Heat g e n e r a t e d  by i n t e r n a l  s o u r c e s  

4 .  Meat ( i n t e r n a l  energy)  changes d u r i n g  t r a n s i e n t  

5 .  Meat t r a n s p o r t  v i a  r a d i a t i o n  e m i t t e d  from s u r f a c e s  

6.  Heat t r a n s p o r t  v i a  r a d i a t i o n  abso rbed  a t  s u r f a c e s  

B ,  HEAT TRANSPORT BY SOLID CONDUCTION 

Meat t r a n s f e r  by s o l i d  c o n d u c t i o n  can  be c h a r a c t e r i z e L  by t..e 

thermal  c o n d u c t i v i t i e s  of t h e  mater ia l s  o f  t h e  sys t em,  K, and by t h e  tempera- 

t u r e  d i s t r i b u t i o n s  i n  t h e s e  mater ia l s  which i n t r o d u c e  t h e  v a r i a b l e s ,  L ,  and 

T .  F o r  a s i n g l e  the rma l  c o n d u c t i v i t y  v a l u e  t o  be s u f f i c i e n t ,  t h e  materials 

must be i s o t r o p i c ,  I f  t h e  the rma l  c o n d u c t i v i t i e s  of t h e  materials of t h e  

system are themselves  t empera tu re  dependen t ,  t hen  t h e  d imens iona l  q u a n t i t i e s  

which d e s c r i b e  t h i s  dewendence e n t e r .  
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_I C ,  HEAT I'RANSPQRT AT SOLID-TO-SOLID INTERFACES 

Heat t r a n s f e r  a t  s o l i d - t o - s o l i d  i n t e r f a c e s  when cons ide red  on 

a n i a x o s c a g i c  s c a l e  i n t s c d u c e s  t h e  concep t  of thermal  r e s i s t a n c e  o r  i t s  

r e c i p r o c a l ,  t he rma l  c o n t a c t  conductance ,  C The thermal  c o n t a c t  conductance 

i s  d e f i n e d  as tb.e r a t i o  r f  the k e a t  t r a n s f e r  a c r o s s  t h e  i n t e r f a c e  p e r  u n i t  

of t h e  s u p e r f i c i a l  c o n t a c t  a r e a  and t empera tu re  d i f f e r e n c e  a c r o s s  t h e  con- 

t a c t  gap. It  i s  w e l l  known t h a t  t h e  v a l u e  of t h e  thermal  c o n t a c t  conductance 

f o r  sys tems i n  vacu3 depend on  t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  j o i n -  

i n g  m a t e r i a l s ,  on t h e i r  s u r f a c e  f i n i s h ,  and on t h e  c o n t a c t  p r e s s u r e s ,  

D, MEAT G E N E R A T X B Y  INTERNAL SOURCES 

I n  t y p i c a l  s p a c e c r a f t  components, s o u r c e s  of  i n t e r n a l  h e a t  e x i s t  

2 due t o  the  I R l o s s e s  ir, the  e l e c t r i c  c i r c u i t r y .  I n  r e c o g n i t i o n  of t h e s e  

k 
i n t e r n a l  s o u r c e s  i t  i s  conven ien t  t o  i n t r o d u c e  a p a r a m e t e r ,  q , which i s  

the i n t e r n a l  power g e n e r a t e d  p e r  u n i t  of  volume. The r e a l  s p a c e c r a f t  e l e c -  

t r o n i c  component may be made up of a non-homogeneous mix tu re  of m a t e r i a l s  

and a p r a c t i c a l  q u e s t i o n  w i l l  a lways e x i s t  as t o  t h e  l i n e a r  s c a l e  on which 

model s i m i l a r i t y  i s  t a  be p r e s e r v e d  

E ,  INFERNAL --- ENERGY CHANGES D U R I N G  TRANSIENTS 

C o n s i d e r a t i o n  of t h e  r equ i r emen t s  fo r  thermal  s i m i l i t u d e  i n  

n o n - s t e a d y - s t a t e  sys tems i n t r o d u c e s  t h e  thermal  i n e r t i a  p r o p e r t i e s  of t h e  

sys tem and t i xe ,T  . The thermal  i n e r t i a  of t h e  sys tem i s  s imply  
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c h a r a c t e r i z e d  bv t h e  produce of d e n s i t y , , a  , and s p e c i f i c  h e a t ,  C 

mater ia l s  from which i t  i s  c o n s t i t u t e d ,  

of t h e  
P' 

F, MEAT TMSPOR'I:  v i a  EMITTED RADIATION 

Tb.e t o t a l  e.nissi'cre p w e r  v 2 r  u n i t  of a r e a  of t h e  s u r f a c e s  mak- 

i n g  up t h e  system i s  g i v e n  bv t h e  p r o d u c t  of t h e  t o t a l  h e m i s p h e r i c a l  

e m i t t a n c e  o f  t h e  s u r f a c e ,  e ,  t h e  Stefan-Boltzmann c o n s t a n t ,  6 ,  and t h e  

f o u r t h  power of  i t s  a b s o l u t e  t e m p e r a t u r e .  T h e r e f o r e ,  c o n s i d e r a t i o n  of 

e m i t t e d  r a d i a t i o n  i n t r o d u c e s  th,e new f a c t o r s ,  E ,  and ci" . The t o t a l  hemi- 

s D t e r i c a 1  e m i t t a n c e ,  F ,  i s  t h e  o n l y  f a c t o r  o v e r  which w e  have e x p e r i m e n t a l  

c c n t r o l .  For  any 

s u r f a c e  c a n d i t i o n  

a d d i t i o n ,  i s  a 

8 '  e m i t t a n c e  and F 

D c r t a n t  o n l y  when 

p a r t i c u l a r  s u r f a c e ,  E ,  v a r i e s  w i t h  i t s  t empera tu re  and 

- d e g r e e  of roughness ,  o x i d a t i o n ,  c o n t a m i n a t i o n ,  e t c .  I n  

d o u b l y - i n t e g r a t e d  q u a n t i t y  i n v o l v i n g  c h  

t h e  d i r e c t i o n a l  e m i t t a n c e .  The l a t t e r  f a c t o r s  become i m -  

w e  c o n s i d e r  t h e  i n t e n s i t y  and s p e c t r a l  d i s t r i b u t i o n  o f  t h e  

t h e  monochromatic 

6 ,  HEAT TRANSPORT v i a  ABSORBED RADlATION 

The r ad ian :  b e a t  a b s s r b e d  a t  a s u r f a c e  p e r  u n i t  a r e a  i s  t h e  p r o -  

---- 

d u c t  o f  i t s  a b s o r p t a n c e ,  d.. , and t h e  i n c i d e n t  f l u x ,  69 ,  The a b s o r p t a n c e  de- 

pends c n  t h e  f a c t o r s  a f f e c t i n g  e m i t t a n c e  ( s u r f a c e  t e m p e r a t u r e ,  c o n d i t i o n  

ar.d d i r e c t i o n )  and ,  i n  a d d i t i o n .  GR t k e  c h a r a c t e r i s t i c s  o f  t h e  i n c i d e n t  

r a d i a t i o n  measured by i t s  d i s t r i b u t i m  i n  t h e  spec t rum.  For t h i s  r e a s o n ,  
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i t  is u s e f u l  to  s e p a r a t e  t h e  f l u x  i n c i d e n t  on t h e  s u r f a c e  e l e m e n t s  of t h e  

s p a c e c r a f t  sys t em i n t o  components i d e n t i f i e d  by s o u r c e ,  

One c o n t r i b u t i o n  t o  t h e  t o t a l  f l u x  i s  t h a t  which o r i g i n a t e s  

w i t h i n  tl-e sys t em bv ~ i , r t u e  of t h e  f a c t  t h a t  a l l  exposed s u r f a c e s  of  t h e  

system a r e  themselves  emi t te rs ,  The f l u x  from t h e s e  i n t e r n a l  s o u r c e s  f a l -  

l i n g  a t  any s p e c i f i e d  s u r f a c e  i s  a p o r t i o n  of t h e  sum of  t h e  r e f l e c t e d  and 

e m i t t e d  r a d i a t i o n  i s s u i n g  f r m  a l l  t h e  s u r f a c e s  t h a t  t h e  element  i n  q u e s t i o n  

can "see", T h i s  pc l r t i cn  cleperrds Isn t h e  geometry o f  t h e  system and on t h e  

a n g u l a r  d i s t r i b u t i o n  of t h e  r a d i a n t  ene rgy  l e a v i n g  t h e  "viewed" s u r f a c e s .  

I f  t h e  i n t e n s i t y  of tkis l e a v i n g  energy (bn th  e m i t t e d  and r e f l e c t e d )  obeys 

a knewn law, s u c h  as Lambert's c 3 s i n e  l a w ,  t h e n  t h e  p o r t i o n  i n c i d e n t  can be 

Dred ic t ed  on t h e  b a s i s  of ge?mett-y o n l y .  The magnitude of  t h e  f l u x  i s s u i n g  

from t h e  "viewed" i n t e r n a l  smrces  depends on t h e  e m i s s i v e  power of t h e s e  

s u r f a c e s  (hence ,  ~ c r  1: 5 apd t h e  r e f l e c t e d  power. The r e f l e c t e d  power, i n  
L 

t u r n ,  depends on e m i s s i v e  D c w e r  cf a l l  s u r f a c e s ,  on t h e  geometry and on t h e  

a b s o r p t a n c e  of  a l l  s u r f a c e s ,  an  summary, w e  r e a s o n  t h a t  t h e  abso rbed  ene rgy  

depends on t h e  geometry and ~ r !  t h e  e m i s s i v e  power and a b s o r p t a n c e  of  a l l  

s u r f a c e s  

The o the r  c o n t r i b u t i o n s  t o  t h e  t o t a l  i n c i d e n t  f l u x  are  c h a r a c t e r -  

i z e d  by s o u r c e s  l y i r g  o u t s i d e  t h e  sys t em;  f o r  i n s t a n c e ,  s u n l i g h t ,  and re-  

f l e c t e d  01 d i r e c t  r a d i a t i a n  from the m o m  and p l a n e t s .  The i n f l u e n c e  of  
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each e x t e r n a l  scusee q u s t  be accounted f o r  by i n t r o d u c i n g  a d d i t i o n a l  v a r i -  

a b l e s .  @ 012 #)029 #03. e t c . ,  might be used t o  deno te  t h e  i n t e n s i t y  of  t h e  

r a d i a n t  e n e r g y  from t h e  v a r i o u s  e x t e r n a l  s o u r c e s ,  and o(01 ,<02,  NO3, 

e tc . ,  might  be used t o  den3 te  t h e  a b s o r p t i o n  c h a r a c t e r i s t i c s  of t h e  s u r f a c e s  

o f  t h e  sys t em t.: these irr$:ident rad:at ions.  Of c o u r s e ,  a n  a d d i t i o n a l  re- 

quirement  f o r  r igo rcws  the rma l  s i m i l i t u d e  i s  t h a t  t h e  d i r e c t i o n  o f  t h e  

r a d i a n t  f l u x  from e x t e r n a l  s o u r c e s  i s  t h e  same i n  model and p r o t o t y p e .  

H. PBRPIIAFION OF DIMENSHOMLESS GROUPS 

From t h e  p r e v i o u s  d i s c u s s i o n  one n o t e s  t h a t  t h e  the rma l  be-  

h a v i o r  of s p a c e c r a f t  i s  de te rmined  by a v e r y  e x t e n s i v e  number of d imens iona l  

p a r a m e t e r s ,  and t h i s  f a c t  may make the rma l  modeling f o r  t h e  g e n e r a l  case i m -  

p r a c t i c a l  i f  n o t  i m p 2 s s i b l e ,  However, t h e  a p p l i c a t i o n  of c e r t a i n  r e a s o n -  

a b l e  r e s t r a i n t s  can  make tt-e problem of  the rma l  modeling t r a c t a b l e .  

F i r s t ,  we r e s t r i c t  c o n s i d e r a t i o n  t o  model and p r o t o t y p e  systems 

f o r  which t h e  K ' s ,  ,fl ' s 9  C I s ,  oc ' s  and E'S can  be c o n s i d e r e d  t empera tu re  

independen t ,  and,  s e c m d , t o  s s l i d  m a t e r i a l s  t h a t  can be c o n s i d e r e d  i s o t r o p i c  

c o n d u c t o r s ,  T h i r d ,  tls e l i m i n a t e  t h e  i n f l u e n c e  of t h e  s p e c t r a l  and a n g u l a r  

d i s t r i b u t i o n  on  t h e  e m i t t e d  ar.d absorbed r a d i a t i o n ,  w e  r e s t r i c t  c o n s i d e r a -  

P 

t i l s n  t o  made1 and p r 2 t o t y p e  systems which have t h e  same s u r f a c e  c h a r a c t e r i s t i c s .  
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k i t b  t h e s e  r e s t r i c t i e n s  a s i n g l e  n o t a t i 0 . i  f o r  K ,  1 . 1 ,  o\: , e t c . ,  i s  s u f f i c i e n t  

f o r  t h e  development of  t h e  thermal modeling f a c t o r s  . * 

The f o r m a t i m  o f  t k e  c c n t r o l l i n g  d i m e n s i o n l e s s  groups ( o f t e n  re -  

f e r r e d  t r  as the  .yr g r r , u ~ s ?  aav be accomplished i n  a number of  ways,  Formal 

p rocedures  are d e s c r i b e d  i n  t h e  l i t e r a t u r e .  We p r e f e r  a method which p o i n t s  

up t h e  p b y s i c a l  s i g n i f i c a n c e  of  t h e  n ’ s .  Thermal s i m i l i t u d e  r e q u i r e s  t h a t  

t h e  b e a t  t r a n s p o r t  and i n t e r n a l  ene rgy  changes be p r o p o r t i o n a l  i n  model and 

p r o t o t y p e .  To s t a t e  t h i s  c o n d i t i o n  m a t h e m a t i c a l l y  w e  proceed as f o l l o w s .  

F i r s t ,  we e x p r e s s  t h e  h e a t  t r a n s f e r  and ene rgy  change e f f e c t s  i n  d imens iona l  

terms 

E f f e c t  

Heat F l u x  v i a  S o l i d  Conduct ion 

Heat F l u x  a t  S o l i d - t o - S o l i d  I n t e r f a c e  

D imens i o n a  1 S t a  temen t 

KT 
L 

CT 

- 2 (wa t t s / cn  ) 

_.--I____- 

* 
I t  might  be no ted  t h a t  t h e  r e s t r i c t i o n s  l i s t e d  are n o t  n e c e s s a r y  i n  o r d e r  

t o  make t h e  +herma1 mode1in.g of a l l  systems p r a c t i c a l ,  Some of t h e s e  re -  

s t r i c t i o n s  may be r emwed  f o r  c e r t a i n  r e l a t i v e l y  s imple  thermal  systems o r  

ccmpcnents of a t o t a l  system w i t h o u t  a a k i n g  the rma l  modeling i m p r a c t i c a l ,  



iCor,t 'd ) E f f e c t  
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Dimensional S t a t emen t  

Zk 3 
Heat F l u x  Due t o  I n t e r n a l  Sources  q L  (wa t t s / c :  ) 

Heat F l u x  Due t o  Changing I n t e r n a l  Energy p c  T L  

'2"" 

Heat F l u x  v i a  Emit ted R a d i a t i o n  E 0-T 
4 

Heat F l u x  v i a  Absorbed R a d i a t i o n  ' I n t e r n a l  
SGUr c e s )  1 1  

Meat F l u x  v i a  Absorbed R a d i a t i m  [ E x t e r n a l  
Sources )  0~ ~b ti + e t c . "  01 01 0 2  02 '  

N ~ w ,  t a k i n g  r a t i o ' s  w i t h  r e s p e c t  t o  t h e  h e a t  f l u x  due t o  s o l i d  c o n d u c t i o n ,  

w e  g e t  

CL 
111 = - K 

q* L 2  
KT n =  

2 

3 
E O ' T  L 

T[ r -  
4 K 

A s  t h e  t e m p e r a t u r e ,  T ,  appea r s  i n  a number of t h e  a b o v e - l i s t e d  

F ' S .  and as  t empera tu re  can  be c o n s i d e r e d  a dependent  v a r i a b l e  i n  t h e  
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experimental model studies, a more convenient set can be gained by rearrange- 

ment as fo l lows ;  

*3L7 
E G ’ Q  

4 i T =  
K 4 

d o l  401 6 02Qs02 
“ L  , * L  A fi etc, = 

4 9 
6’ 7 ’  

A useful set of scaling laws for model testing would  specify 

that the temperature-tine distributions in normalized space would be iden- 

tical in model and prototype, In addition, we have the restriction that 

the emittance and absorptance of corresponding surfaces in model and pro- 

totype are identical. Hn this instance, f o r  thermal similitude 

C L  
s s  

C L  m m  

n 
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*3 L 7  *3 7 
q m  an - s Ls 

K4 m KS 

- 
4 

fi = l l  ( i d e n t i c a l l y  s a t i s f i e d )  5ni 5s 

, e t c  do l s  @o*s $01 m + 0 2  m 

qm Lm ‘m m 9s Ls qs Ls 
’ *  , e t c .  3 - * , J :  * 

L 

o r  

S 
L L 

K 
= -  m - 

m KS 

c = c  
m S 

I t  i s  t h i s  l a s t  s e t  of s c a l i n g  laws which we 

p e r i m e n t a l l y  i n  t h e  Phase I of t h e  s u b j e c t  c o n t r a c t .  As 

have examined e x -  

t h e s e  expe r imen t s  

were made a t  s t e a d y  s t a t e ,  t h e  thermal i n e r t i a  c h a r a c t e r i s t i c s  of t h e  models 

, e t c .  , were made n e g l i g i b l e  do no t  e n t e r  t he  p rob lem.  I n  a d d i t i o n ,  d 

i n  t h e  d e s i g n  of t h e  e x p e r i m e n t a l  a p p a r a t u s .  I n  summary, w e  would p r e d i c t  

t h e  same t e m p e r a t u r e  a t  co r re spond ing  p o i n t s  i f  

01’ 602 
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Othe r  p o s s i b i l i t i e s  c e r t a i n l y  e x i s t  and d e s e r v e  a t t e n t i o n .  Fo r  

i n s t a n c e ,  suppose i t  i s  conven ien t  t o  make t h e  model and p r o t o t y p e  of i d e n -  

t i c a l  m a t e r i a l s .  Suppose f u r t h e r ,  we p l a c e  t h e  a d d i t i o n a l  r e s t r i c t i o n  t h a t  

t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  of  c o r r e s p o n d i n g  s u r f a c e s  i n  model and p r o -  

t 3 t y p e  are i d e n t i c a l ,  Then, i n  t h i s  case 

c z  = C L  m m  s s  

1/ 3 113 
%l Lm = Ts Ls 

, e t c .  '+t f O l s  Ls 413 ' &02s L2'3, e t c .  4 / 3  413 'elm Lm '02.m Lm 

'The above l a w s ,  of c ,ourse,  ho ld  o n l y  when. t h e  p r o p e r t i e s  of t h e  model and 

p r o t o t y p e  a r e  independevt  of t e m p e r a t u r e .  
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I T THERMAL NODEL5 AND TES" EQ'J;%ENT 
-lll_--- -c ------- 

/'. .I- ----I ZN"R0DUCTTOY _ _  _- 
During t k . i s  Phase J t es t  Drogram w e  des igned  a n  expe r imen t  t o  

i - w s t i g a t e  t h e  v a l i d i t y  c f  t h e  tl-ermal modeling laws d e r i v e d  i n  S e c t i o n  I .  

The  objer, t i \ ,e w % s  +-- c : ~ r t r u r t  and t e s t  + _ h e m a l  models ,  a t  s t e a d y - s t a t e  

covdCtiona wkrrl: w?uld emb3dy tl-ase t e a t  t r a n s f e r  mechaaisrns p r e s e n t  in t h e  

l a t e r  Pkasesof  t k e  s u b j e c t  grogram, :n p a r t i c u l a r ,  i t  was d e r i v e d  t o  i n -  

v e s t i g a t e  conductivr- and  r a d i a t i v e  e f f e c t s  w i t h o u t  t h e  added complex i ty  of 

c x v e c t i v e  heat: t r a n 5 f e r  

b u i l t .  One s c a l e  w d e L  was des igned  i n  acco rdance  w i t h  t h e  s e t  o f  model ing 

Laws wP i c h  D r e d i c t  equivaler8.t t e m x r a t u r e s  a t  i d e n t i c a l  g e o m e t r i c a l  l o c a -  

t i o n s  u s i n g  d i f f e r e ? t _  m c d e l  m a t e r i a i s  The o t h e r  s c a l e  model was des igned  

in accordance  w i t h  t k c  laws whicf- p r e d i c t  s c a l e d  t e m p e r a t u r e s  a t  e q u i -  

L a l e n t  qs?.netr ic Iicatiops w h e ~  t h e  mnoclel and scale  rn3del are  made of  i d e n -  

t i c a l  matn,t.ia:s 

I n  t h e  f ? L E w l n g  secticrs w e  w i l l  d e s c r i b e  t b e  expe r imen t s  and 

T ? s u l t s  o b t a i n e d  w i t t  a s c a l e  nsdel 2 9 n s t r u c t e d  e f  a d i f f e r e c t  material  

! I  tb-an. t h e  b a s i c "  ttermal = > d e l  We b a d  v l anced  ' I r ,  complete the t e s t i n g  of  

a s c a l e  m d e l  c o n s t r u c t e d  c f  tl-.e. s a w  mater ia l  as t h e  "bas i c"  model ;  how- 

Pve r ,  t h i s  e f f n - r t  w a s  .regarded as xf secondary  importance s i n c e  t h e  proposed 
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Phase I1 program would inxmlve t e s t i n g  of b a s i c  and s c a l e  models of  d i f -  

f e r e n t  m a t e r i a l s  LI 

B, THERMAL MQDEL DESIGN 

,The r b j e c t i v e o f  t h e  Phase T. expe r imen t s  was t o  d e v i s e  and tes t  

a set  of s i m p l e  thermal  models which would v a l i d a t e  t h e  the rma l  modeling 

t h e o r y  and y e t  embody t h e  h e a t  t r a n s p o r t  mechanisms which would be invo lved  

i n  ou r  f u t u r e  work i n  Phase 11. I n  a d d i t i o n ,  i t  was d e s i r e d  t o  t es t  models 

z f  r e l a t i v e l y  s m a l l  d imensions i n  a s i m p l e  i n e x p e n s i v e  vacuum chamber. The 

b a s i c  model d e s i g n  i n c o r p o r a t e d  t h e  f o l l o w i n g  h e a t  t r a n s f e r  mechanisms: 

Heat t r a n s p a r t  by s o l i d  conduc t ion  

t ieat  t r a n s p o r t  a t  s o l i d - t o - s o l i d  i n t e r f a c e s  

Heat g e n e r a t e d  by i n t e r n a l  s o u r c e s  

Heat t r a n s p 3 r t  v i a  e m i t t e d  s u r f a c e  the rma l  

r a d i a t i o n  

We t h u s  e l i m i n a t e d ,  i n  p a r t .  t h e  e f f e c t s  of absorbed f l u x e s  from 

t h e  environment  (by t e s t i n g  t h e  models i n  a vacuum chamber whose "black" 

w a l . 1 ~  were m a i n t a i n e d  a t  l i q u i d  n i t r o g e n  t empera tu re )  arid the e f f e c t s  of 

i n t e r n a l  ene rgy  changes d u r i n g  t r a n s i e n t s  (by t e s t i n g  a t  s t e a d y - s t a t e  con- 

d i t i o n s )  s 

B a s i c a i l y ,  

A s k e t c h  

t h e  model 

of  t h e  

resembl 

the rma l  mode 1 

ed a " f i n " ,  he 

c o n f i g u r a t i o n  i s  shown i n  F i g u r e  1. 

a t e d  a t  one end by t h e  d i s s i p a t i o n  
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of e l e c t r i c a l  power I To sim~i1at;e a s o l i d - t o - s o l i d  i n t e r f a c i a l  t he rma l  

r e s i s t a n c e ,  a m a t e r i a l  of :zw c o n d u c t i v i t y  h a s  bonded between two members 

having a h i g h e r  c o n d u c t i v i t y  t h e r e b y  imposing a l a r g e  t empera tu re  g r a d i e n t  

i n  t he  f i n .  T h i s  would resemble t h e  p l rys i ca l  s i t u a t i o n  where a h e a t -  

conduc t ing  p a t h  was d i s t u r b e d  by a j o i n t  o r  i n t e r f a c e  having a l o w  t h e r m a l  

conduc tance ,  A s  S ~ ~ W T !  i n  F i g u r e  1. t t ie h e L  t e r  was i n s u i a t e d ,  as  was t h e  

s i m u l a t e d  c o n t a c t  r e s i s t a n c e .  I n  t h i s  manner t h e  i n t e r n a l  power g e n e r a t e d  

would  be r a d i a t i v e l y  d i s s i v a t e d  from t h e  s u r f a c e  between the  h e a t e r  and t h e  

i n s u l a t e d  c o n t a c t  r e s i s t a n c e  and from t h e  s u r f a c e  between the  h e a t e r  and t h e  

i n s u l a t e d  c o n t a c t  r e s i s t a n c e  and . h e  end of t h e  model. T h i s  s i t u a t i o n  would 

t h e r e b y  p r e c l u d e  the need fc r  measuring t h e  t empera tu res  of  t he  h e a t e r  

e i emen t s  themselves  t:, aecouril. f o r  any power r e - r a d i a t e d  from t h e  h e a t e r  e n d ,  

Tk*e exposed s u r f a c e s  :f t he  t w 3  models were c o a t e d  w i t h  an " o p t i c a l  b l ack"  

p a i n t  i n  an a t t e n p t  ta m a i n t a i n  s i m i l a r  s u r f a c e  c h a r a c t e r i s t i c s  s i n c e  one 

o f  t h e  e l emen t s  of tt.e mi3 e l i n g  laws w ~ u l d  r e q u i r e  t h a t  t h e  e m i t t a n c e s o f  

t h e  c , c d o l s  be s imi la r ,  Although we c o u l d  have used o t h e r  s u r f a c e  c o a t i n g s  

w i t h  a lower e r n i t t a n c e ,  C U T  e x p e r i e n c e  w i t h  t h i s  h i g h  e m i t t a n c e  p a i n t  i n -  

di:.::tes t h a t  t h "  u n c e r t a i n t y  i n v s i v e d  i n  assuming t h a t  t h e  e m i t t a n c e s  of 

b n t h  models  were s i r n i l a r  w3uld bo 4 0 1 .  The s i m u l a t e d  c .2ntact  r e s i s t a n c e  

was i n s u l a t e d  t3  prever.t r a d i a t i v e  e f f e c t s  from a l t e r i n g  t h e  e f f e c t i v e  con- 

duc tance  of t he  e l e a e n t .  T h a r  i-:, t h e  s i n a ~ l a t . e d  c o i r ~ a c t  r e s i s t a n c e  members 

 re s c a l e d  t o  have  s i m i l a r  c2nductances i n  bo th  models and t o  accomplish 

t b . i s  i t  i s  n e c e s s a r v  C z  exc lude  i-,eat t r a n s f e r  by r a d i a t i o n  a t  t h e  s u r f a c e s .  



?!>e b a s i c  mde! ,  h e r e i n  r e f e r r e d  t o  as  M3del #I, was con- 

s t r u c t e d  of Armco i r o n ,  a r e l a t i v e l y  p u r e  i r o n  whose the rma l  c o n d u c t i v i t y  

i s  known a c c u r a t e l y  o v e r  a wide t e m p e r a t u r e  r ange  and i s  r ecogn ized  as a 

the rma l  c o n d u c t i v i t y  s t a n d a r d ,  The s i m u l a t e d  c o n t a c t  r e s i s t a n c e  w a s  f a b -  

r i c a t e d  c f  r i g i d ,  DolyvicvLct i lQride which h a s  a r e l a t i v e l y  low tb.erma1 con- 

d u c t i v i t y .  I n  S e c t i o n  T i t  was shDwn t h a t  t he rma l  modeling f o r  i d e n t i c a l  

t empera tu re  d i s t r i b u t i o p s  i n  model and p r o t o t y p e  would s a t i s f y  t h e  f o l l o w i n g  

laws (p rov ided  t h a t  tt.e t o t a l  h e m i s p h e r i c a l  e m i t t a n c e  and t h e  absorbed 

f l u x e s  a r e  s i m i l a r )  

L1 1 . .  

#1 K 2  

L - - -  - 

c1 = c 2  

S i n c e  i t  was d e s i r e d  t o  r educe  t h e  dimensions o f  t h e  s c a l e  model t o  make i t  

approx ima te ly  1 / 2  s c a l e ,  SAE 4:3C! - a chrome-moly s t ee l  hav ing  a c o n d u c t i v i t y  

of  rough ly  1 / 2  t h a t  of t h e  Armco i r o n  w a s  used f o r  Model # 2 *  I n  p a r t i c u l a r ,  

we c a l c u l a t e d  t h e  a p p r q y r i a t e  d imens iona l  ra t ios  by a r b i t r a r i l y  u s i n g  pub- 

l i s h e d  c o n d u c t i v i t y  v a l u e s  a t  +10 C .  The c o n d u c t i v i t y  v a l u e s  a re :  0 

SAE 4130 - K2 = 0.35 w a t t s / c m o #  Refe rence  1 

Armco ~ K1 d: 0 ,741  watts/crn°K Refe rence  2 

I t  shou ld  be noted t h a t  t h e  c o n d u c t i v i t y  r a t i o  of t h e s e  two materials i s  

sanewhat t e m p e r a t u r e  dependen t ,  so t h a t  some e r r o r  i s  i n t r o d u c e d  when t h e  

t empera tu re  l eve l  of t h e  models i s  v a r i e d .  F o r  these m a t e r i a l s  t h e  
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c o n d u c t i v i t y  r a t i o  va r i e s  as  follows 

Tempe ra t  u r e  K*'K1 

-50 C 0.435 

Q C  0 - 469 

+lo c 0 . 4 7 2  

50 C 0 " 4 8 9  

0 T h i s  v a r i a t i o n  o f  $. 5 p e r c e n t  o v e r  a 100 C range w i l l  i n t r o d u c e  e r r o r s  i n  

t h e  measured t empera tu re  g r a d i e n t s  from model t o  model,  p a r t i c u l a r l y  when 

t h e  g r a d i e n t s  w i t h i n  a model a r e  l a r g e .  

- 

0 Using t h e  c o n d u c t i v i t y  v a l u e s  a t  +lo C t h e  scale of l i n e a r  d i -  

mensions i n  Model 8 2  was e s t a b l i s f - e d  i n  acco rdance  w i t h  t h e  r e l a t i o n  

- 0.472 0 . 3 5  
0 741  

a - -  
K 2  

x -  
L 2  - 
L, M, I L 

S i n c e  i t  was d e s i r e d  t3 m a i n t a i n  t h e  same s i m u l a t e d  c o n t a c t  conductance i n  

Models # l  and 8 2 ,  t he  PVG dimensions were e s t a b l i s h e d  as  f o l l o w s :  

s i n c e  k = k2  I t h e  PVC c o n d u c t i v i t y )  1 

Q w Q f o r  t h e  PVC 
2 

The i n p u t  vower t o  t h e  model hea te r  was s c a l e d  as f o l l o w s :  
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wl-ere q - p w e r  i n p u t  $(watts)  

* 3 q - ppJwer i n p u t  p e r  u n i t  volume (wat ts /cm ) 

Tv s u m a r y ,  w e  would p r e d i c t  e q u i v a l e n t  t empera tu res  a t  i d e n t i c a l  geomet r i c  

l o c a t i o n s  i n  Models #l and # 2  wher. t h e  l i n e a r  dimensions are  s c a l e d  by a 

f a c t o r  o f  0 .472 ,  t h e  l e o g t h s  of t h e  PVC i n s u l a t o r  are  e q u i v a l e n t ,  and t h e  

hea te r  i n p u t  powers are s c a l e d  by a f a c t o r  of 0 .2228 .  

The a p r s p r i a t e  n c a i n a l  i n p u t  power t o  each  model was e s t a b l i s h e d  

bv c o n s i d e r i n g  t b e  h e a t  t r a n s D o s t  from s u r f a c e s  (having an e m i t t a n c e  of a p -  

p r o x i m a t e l y  one) of t h e  m?dei t c  an LN2 t empera tu re  s i n k .  

range and t h e  model d i m e r s i o n s  were e s t a b l i s h e d  from t h e  f o l l o w i n g  c r i t e r i a .  

F i r s t ,  t h e  model s i z e  and r e - r a d i a t i n g  area w a s  d i c t a t e d  by t h e  s i z e  o f  t h e  

t es t  chamber and i t  was d e s i r e d  t 9  m a i n t a i n  t empera tu re  l e v e l s  between +150 

and -150 C t o  p r e c l u d e  damage t o  tke  s u r f a c e  c o a t i n g s  or t he  mechanical  

assembly.  Second,  i t  was d e s i r e d  tc have a s imple  h e a t  f low p a t t e r n  as 

close t o  one-dimensional  as p o s s i b l e ,  and y e t  have s i g n i f i c a n t  t empera tu re  

g r a d i e n t s  w i t h  t h e  mcdel .  P r e l i m i n a r y  hand c a l c u l a t i o n s  i n d i c a t e d  t h a t  a 

power i n p u t  r ange  from 3 t o  5 wa t t s  would be r e q u i r e d  f o r  Model # l o  Based 

on t h e  above s c a l i n g  laws t h e  a p p r o p r i a t e  range f o r  t h e  4130 model would 

The i n p u t  power 

0 

be 0 - 6 7  t o  1-1 wa t t s . ,  W i t h  t h e s e  i n p u t  r a n g e s  
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established we chose the dimensions shown i n  Figure 1 for the two models. 

The length of the PVC section (Part B of Figure 2) was established 

By considering the heat flow through the model. It was desired to choose 

a length which would produce a large gradient, such that the thermal re- 

aistance of the PVC section i t s e l f  would be large by comparison to the re- 

siatance of the t w o  j o i n t s .  Temperature gradients in excess of 100 C were 

attained with a 3/4-inch l o n g  section of PVC. 

0 

C. MODEL FABRICATION 

1. Materials 

The Armco iron and SAE 4130 steel used in the models were checked 

for chemical composition by chemical and spectrographic analysis to insure 

that the "as received" material closely resembled the materials used in the 

thermal conductivity determinations published in References 1 and 2 ,  The 

composition differences were extremely small and we concluded that the con- 

ductivities of the materials were representative of those measured. The 

analyses are presented in Appendix I. 

The PVC portions of the models were machined from the same stock 

to minimize the chance of using materials with different conductivites for 

the ~imuhated resistance member. 
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2 .  J o i n t s  

The PVC and metal  s e c t i o n s  were bonded t o g e t h e r  w i t h  a con- 

d u c t i v e  epoxy' ( s i l v e r - d o p e d )  which w a s  a p p l i e d  a c c o r d i n g  t o  t h e  manufactu- 

rers  recommendations. The use of t h i s  conduc t ive  epoxy w a s  p r e d i c a t e d  on 

t h e  need f o r  a good the rma l  bond which would n o t  i n t r o d u c e  a s i g n i f i c a n t  

r e s i s t a n c e .  A t h i n  (0.005") l a y e r  was used f o r  bonding t h e  PVC t o  bo th  t h e  

Armco and SAE 4130 p a r t s .  

s e p a r a t e d  ( i n  vacuum) when the  t empera tu re  of  t he  sample was al lowed t o  

f a l l  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e s ,  T h i s  was a p p a r e n t l y  due t o  a d i f -  

f e r e n c e  i n  expans ion  c o e f f i c i e n t s  of  t he  m a t e r i a l s  forming t h e  j o i n t .  Sub- 

s e q u e n t l y ,  w e  pinned t h e  j o i n t s  w i t h  a p r e s s  f i t  u s i n g  two 0.020 ' '  d i a ,  

s t a i n l e s s  p i n s  which  were approx ima te ly  3/16-inch long .  These p i n s  added 

s t r u c t u r a l  r i g i d i t y  t o  t h e  assembly w i t h o u t  a f f e c t i n g  t h e  j o i n t  conduc tance .  

I n  a l l  subsequen t  t e s t s  h e a t e r  power was c o n t i n u o u s l y  s u p p l i e d  t o  p r e v e n t  

t h e  j o i n t  t empera tu re  from r e a c h i n g  ex t r eme ly  low t empera tu res  i n  t h e  t e s t  

chamber 

Concur ren t  w i t h  t h e  t e s t i n g  of t h e  the rma l  models a sample 
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j o i n t  of PVC and Arrnco i r o n  was s u b j e c t e d  t o  the rma l  shock t e s t s  ( i n  a i r )  

a t  d r y  i c e - a c e t o n e  t empera tu res  ( approx ima te ly  -130 C) and a t  l i q u i d  n i t r o g e n  

t e m p e r a t u r e s .  The j o i n t  sample was f i r s t  i n s p e c t e d  w i t h  a microscope to 

de te rmine  whether o r  n o t  there Mere any c r a c k s  o r  j o i n t  i m p e r f e c t i o n s ,  No 

i m p e r f e c t i o n s  were n o t e d .  The sample was then  r a p i d l y  plunged i n t o  the  d r y  

i c e - a c e t o n e  b a t h ,  removed, a l lowed t o  warm-up t o  room tempera tu re  and t h e n  

r e - i n s p e c t e d .  No a p p a r e n t  change i n  t h e  j o i n t  s u r f a c e  was no ted  a t  a magn- 

i f i c a t i o n  c f  40 X. A s imilar  t e s t  was perfcrmed a t  l i q u i d  n i t r o g e n  tempera- 

t u r e s  and i t  was n c t e d  t h a t  t h e  sample j o i n t  p a r t e d  a f t e r  t h e  assembly was 

removed from t h e  LN and w d s  warming up t o  room t e m p e r a t u r e .  Microscopic  

i n v e s t i g a t i o n s  shoked t h a t  t h e  s i l v e r  e m x y  adhered t o  bo th  the  PVC and 

2 

Armco i r o n  and a p p a r e n t l y  the  f r a c t u r e  c c c u r r e d  i n  t h e  epoxy i t s e l f .  

During tl-e t e s t  Dr;gram, u s i n g  t h e  two thermal  models w i t h  p i n -  

ned j c i n t s ,  w e  carefu! ly  i r s p e c t e d  t h e  s u r f a c e s  of t h e  j o i n t s  b e f o r e  and 

a f t e r  t e s t i n g  i n  vacuum. No a p p a r e n t  c r a c k s  o r  v o i d s  were observed even 

though t h e  j o i n t  t e m p e r a t u r e s  were s u b j e c t e d  t o  t empera tu res  as low a s  

- 1 2 5 O C .  

c o n t r D l l e d  and no Lhermal shock ing  cou ld  have o c c u r r e d ,  Apparen t ly  a 

t empera tu re  environment  i n  t h e  v i c i n i t y  of  - 1 2 5 O C  w i l l  n o t  damage t h e  

j o i n t  {a t  low s t ress  l e v e l s )  wkereas  a l i q u i d  n i t r o g e n  t empera tu re  e n v i r o n -  

ment o f  -196 C may induce a f a i l u r e  i n  t h e  epoxy bond, 

I n  t h i s  c a s e ,  however, t h e  t empera tu re  change from ambient was 

0 
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3 .  Heater E l e m e n t s  
I___-I_ 

Ti-e 1-eater eleaects were formed bv winding r e s i s t a n c e  wire  (4134 

cbrornel-A f o r  Model # l  apd #i36 Nic i - rme  5 f o r  Model #2)  around t h e  p e r i -  

phe ry  of  t h e  m d e l .  A l ayer  q f  1 1 2  mi .1  Mylar was used t:, i n s u l a t e  ( e l e c -  

t r i c a l l y )  t h e  bea te r  v i r e s  f r m  tl-e model A f t e r  winding t h e  r e s i s t a n c e  

w i r e ,  a c o a t  3f insu,at i r .g  -.arr,lsi-- was a p p l i e d  t o  t h e  s u r f a c e s .  The ends 

o f  t h e  r e s i s t a n c e  wires were b rougk t  ? u t  of  t h e  m u l t i - f o i l  i n s u l a t i o n  as 

shown i n  F i g u r e  1 and s o l d e r e d  t o  t t e  h e a t e r  l e a d s  a f t e r  t h e  i n s u l a t i o n  

i n s t a l l a t i o p .  Afcer  w i - d i r g  r.b? h e a t e r ,  t h e  ohmic r e s i s t a n c e  of t h e  h e a t e r  

a l c p e  was a c c u r a t e l v  measured w i t h  a Wheats tcne b r i d g e .  T e s t s  w i t h  a 

sample of t h e  t . ea t e r  wl-r; .  a t  a-ntriect. i c e ,  and LN t empera tu res  i n d i c a t e d  

tt-at t h e  r e s i s t a n c e  char.ged S v  less t han  1!2 p e r c e n t .  T h i s  change was no t  

c o n s i d e r e d  i a p o r t a n t  i n  d e t e r n i r i r e  t k c  1 r i r , p u t  power t c  t h e  h e a t e r  

e l emen t s  

2 

I n  Model k l ,  t h e  k-eater l e a d  wires were made f s m  / f 3 2  manganin 

w i r e  w i t h  a v a r p i s k  i p s u l a t t c r ,  " I t s  wire m a t e r i a l  was chosen because i t  

has a Icw P r q d c c t  cf 'It'ermal c - n d n c t l v i t y  and r e s i s t i v i t y  and t h e r e f o r e  

w m l d  t end  t o  S U D ' D ~ E S S  h e a t  leaks Fur tke rmore ,  manganin h a s  a low tempera- 

t u r e  c s e f f i c i e n t  3f r e s i r t i v i t v  and t5e l e a d  w i r e  r e s i s t a n c e  would be un- 

a f f e c t e d  by tl-e w i r e  t r -xe.rature  I 

Tr M?det f / 2  [-.f i t. t e s t s  were r u n  w i t h  manganin laad wires ;  

hcw~-7e r ,  i t  was c,ventua::v d:~ic:\r~red t l - a t  k a t  l eaks  a l o n g  t h e  t i ea t e r  
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l ead  w i r e s  were causifig t r o u b l e  i n  E s t a b l i s h i n g  a h e a t  b a l a n c e .  T h i s  

s i t u a t i o r ,  was c r e a t e d  because of t he  l ~ w  l e v e l s  of i n p u t  power ( l e s s  t han  

1 w a t t ) ,  The f i n a l  Model # 2  c s n f i g u r a t i o n  had 0 .010- inch  d i a m e t e r  pu re  

r i i cke l  l e a d s ,  The l e a d s  were n o t  i n s u l a t e d  and were mechan ica l ly  p o l i s h e d  

w i t h  j e b . e l e r s e  rouge t 3  d e c r e a s e  tke  s u r f a c e  e m i t t a n c e  The use  of pu re  

n i c k e l  reduced t h e  I R l c s s e s  i n  t t e  l e a d s  to  a small  f r a c t i o n  of  t he  t o t a l  

i n p u t  power and t b e  r e d u c t i o n  i n  s u r f a c e  e m i t t a n c e  minimized t h e  h e a t  l e a k s  

f r m  t h e  t e a t e r .  A more c o q p l e t e  d e s c r i p t i o n  of  t h e s e  problems and t h e i r  

s 3 l u t i c n  w i l l  be preser. ted i n  S e c t i o n  113: 3f t h i s  r e p o r t .  

2 

4 Insula-  

T h e  i n s u l a t i c n  ?f  t k c  h e a t e r  end of t he  model was accomplished 

by u s i n g  m u l t i p l e -  l a y e r  i n s u l a t i o n s  i n  which a l t e r n a t e  l a y e r s  of  t h e  i n s u l a -  

t i s n  hcve low e m i t t a n c e  s u r f a c e  c h a r a c t e r i s t i c s  These the rma l  s h i e l d s  

were s e p a r a t e d  by a l?w c-nductance g l a s s  paper  t o  p r e v e n t  t he rma l  " s h o r t s "  

f r o a  i n c r e a s i n g  t h e  a o p a r e n t  c o n d u c t i v i t y .  ILi vacuum s y s t e m s ,  t h i s  type of 

i n s u l a t i o n  has a l o w  a D D a r e n t  r z ~ n d u c t i v i t y ;  however, extreme c a r e  must be 

t a k e n  i n  a p p l y i n g  t h e  i n s u l a t i o n  i f  i t  i s  d e s i r e d  t o  a t t a i n  a l o w  conductance 

w i t b  a m i n i m u m  number 3f l a v e r s  I n  t h e  p r e s e n t  c a s e  i t  was d e s i r e d  t o  min- 

imize t h e  k e a t  l e a k s  f r m  :be t-eater s e c t i o n  and t h e  PVC member w i t h  a 

.n i n  i m u m  a x w n  t 3f i n s u  l a  t i c  n 
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Models #1 and 112 were i n s u l a t e d  i n  a s l i g h t l y  d i f f e r e n t  manner;  

t owever ,  t h e  b a s i c  D r i n c i p l e  i s  shcwn i n  F i g u r e  1. I n  ode1  # l ,  aluminum 

f o i l  and Dex te r  p a p e r  a g l a s s  pape r  p r s d u c t )  were used t o  wrap t h e  h e a t e r .  

P r i 3 r  t o  comple t ing  t h i s  i n s t a l l a t i o n  w e  r e c e i v e d  a q u a n t i t y  of 1 / 2  m i l  

Mylar which w e  had gn ld  c o a t e d  CP b 3 t t  s i d e s ,  'Tke  go ld  was a p p l i e d  by 

v a w r  d e p D s i t i o n  ir ,  vacuo to a t h i c k n e s s  which r ende red  t h e  mater ia l  

s p a q u e ) ,  T k i s  m a t e z i a l  was used i n  p l a c e  of t h e  aluminum f o i l  on subsequen t  

i n s t a l l a t i o n s  s i n c e  t h e  u s e  2f t h i s  mater ia l  r educes  t h e  problems a s s o c i a t e d  

w i t h  the rma l  s h c r t  c i r c u i t s  a t  oene t r a ' i ons  and j o i n t s .  

The h e a t e r  i n  MDdel #1 was i n s u l a t e d  w i t h  f i v e  i a y e r s  of  i n s u i a -  

t i c n ,  Four  l a v e r s  of 4 m i l  t F i c k  Dexter  paper  a l t e r n a t e d  w i t h  5 m i l  t h i c k  

b r i g h t  aluminum f o i l  i a y e r s  and a f i n a l  wrap of a l a y e r  of  Dexter  pape r  and 

1 / 2  m i l  g o l d - y l a t e d  M y l a r  cc!npleted tt-e i n s t a l l a t i o n ,  Extreme c a r e  w a s  

t aken  te f o l d  t h e  ends .;.f t he  Dexter  p a p e r  o v e r  t h e  aluminum f o i l  l a y e r s  t o  

p r e v e n t  t he rma l  " s k ~ r t s " .  The  f i n a l  wrap was s e c u r e d  w i t h  a small amount 

cf  Eastman-Kodak 910 a d h e s i v e  ' V h i t e  g love"  t e c h n i q u e s  were used i n  

assernbling t h e  i n s u l a t i . c n  to  Drevent the s u r f a c e s  from be ing  a f f e c t e d  by 

h a n d l i n g ,  Hodel # / 2  w d 5  r r s u l a + _ e d  w i t h  a con t inuous  wrap of  g o l d - p l a t e d  

Mylar and Dex te r  p a p e r  w i t h  a f i n a i  cap  of g o l d - p l a t e d  Mylar o v e r  t h e  end 

of t t e  h e a t e r . .  During t k e  t e s t  prggrarn two a d d i t i o n a l  l a y e r s  of  i n s u l a t i o n  

were added t o  t h i . 5  aodel in a n  a t t e n p t  t o  reduce t h e  h e a t  l e a k s .  
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I n  b o t h  models t h e  PVC s e c t i o n  was i n s u l a t e d  w i t h  a n  i n i t i a l  

wrap o f  Dex te r  pape r  fo l lowed  by two con t inuous  wraps of Dexter p a p e r  and 

g o l d - p l a t e d  Mylar.  

Model /I1 was suppor t ed  by a nylon monofilament f i s h  l i n e  (0.014- 

i n c h  d i a . )  which p e n e t r a t e d  t h e  s u p e r - i n s u l a t i o n  l a y e r s .  T h i s  arrangement  

s u b s e q u e n t l y  caused some d i f f i c u l t y  i n  Model #2.  I n  t h e  f i n a l  t e s t s  of  

Model # 2  w e  comple t e ly  removed t h e  s u p p o r t  and suspended t h e  a p p a r a t u s  by 

t h e  thermocouple l e a d s .  

5 .  Thermocouples 

S i x  thermocouples  were a t t a c h e d  t o  e a c h  model as shown i n  

F i g u r e  1. The thermocouple j u n c t i o n s  were l o c a t e d  a l o n g  t h e  c e n t e r  l i n e  

and approx ima te ly  e q u a l l y  spaced a l o n g  t h e  l e n g t h s  of  p a r t s  A and C .  The 

l o c a t i o n s ,  as shown i n  F i g u r e  1, were numbered TC 1 and TC 7 and w i l l  h e r e  

i n  be i d e n t i f i e d  by t h e s e  numbers. 

The thermal  models which were t e s t e d  were r e l a t i v e l y  sma l l ,  and 

t h e r e f o r e  o n l y  s m a l l  amounts of  power were r e q u i r e d  t o  m a i n t a i n  t h e i r  

t empera tu res  n e a r  t h e  d e s i r e d  l e v e l .  The i n s t a l l a t i o n  of s i x  thermocouples 

i n t r o d u c e d  a h e a t  f low p a t h  from t h e  model which became a s i g n i f i c a n t  

f r a c t i o n  of  t h e  t o t a l  r e - r a d i a t e d  power. Fo r  example,  t h e  power i n p u t  

level t o  Model 112 w a s  i n  t h e  v i c i n i t y  of  one w a t t ,  and i t  was determined 
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t h a t  thermocouples  a l o n e  cou ld  i n t r o d u c e  a h e a t  l e a k  o f  100 m i l l i w a t t s  o r  

s o  i f  t h e  l e a d s  a c t e d  as “long” f i n s .  A s k e t c h  o f  t h e  tes t  chamber 

(which w i l l  be d e s c r i b e d  i n  d e t a i l  i n  a f o l l o w i n g  s e c t i o n )  and t h e  thermo- 

couple  l e a d  l o c a t i o n s  i s  shown i n  F i g u r e  2 .  A s  shown, t h e  l e a d s  pas sed  

through a small  d i ame te r  neck i n  t h e  LN coo led  vacuum chamber and r a d i a t e d  

t o  a s i n k .  S e v e r a l  methods f o r  e l i m i n a t i n g  t h i s  h e a t  l eak  problem were 

e v a l u a t e d  d u r i n g  t h e  cour se  of t h i s  program. They i n c l u d e d :  

2 

a)  The use  of ex t r eme ly  s m a l l  d i ame te r  thermocouple  

wire w i t h  a low e m i t t a n c e  o r  i n s u l a t e d  s u r f a c e ;  

b) The u s e  o f  t h e r m i s t o r - s e n s i n g  e l emen t s  a t t a c h e d  

w i t h  small diameter low c o n d u c t i v i t y  l e a d  wires;  

c) The use  of a u x i l i a r y  h e a t e r s  f o r  each  s e n s o r  l ead  

t o  e l i m i n a t e  t empera tu re  g r a d i e n t s  a l o n g  t h e  l e a d s  ; 

d)  S c a l i n g  t h e  i n s t r u m e n t a t i o n  leads a c c o r d i n g  t o  t h e  

the rma l  model ing laws 

After c a r e f u l  c o n s i d e r a t i o n  of t h e  s i m p l i c i t y  of each  method, we chose t h e  

l a t t e r  as t h e  one b e s t  s u i t e d  t o  our  tes ts .  

R a t h e r  t h a n  scale t h e  m a t e r i a l s  of  t h e  wires and t h e  l e n g t h s ,  

w e  t r e a t e d  t h e  thermocouple  l e a d s  a s  h e a t  s i n k s  and s c a l e d  t h e  wire  d i a m e t e r s  

such  t h a t  t h e  h e a t  l e a k  ( a t  i d e n t i c a l  l o c a t i o n s )  p e r  thermocouple i n  Model # 2  

would be  approx ima te ly  0 . 2 2  t h a t  i n  Model # l v  T h i s ,  of c o u r s e ,  i s  t h e  same 

s c a l e  r a t i o  a s  t h e  h e a t e r  power s c a l e .  For  Model # 2  w e  chose 1/40 AWG 
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( 5  m i l )  i n s u l a t e d  w i r e  a s  be ing  t h e  s m a l l e s t  p r a c t i c a l  (and r e a d i l y  ava i l -  

a b l e )  s i z e .  On t h e  b a s i s  of our  s c a l i n g  laws and an a n a l y s i s  of t h e  h e a t  

l e a k  through a t y p i c a l  w i r e ,  w e  de te rmined  t h a t  a #36 AWG wire of t h e  same 

m a t e r i a l  would produce t h e  approximate s c a l e  of power d i s s i p a t i o n  through 

t h e  l e a d s .  The a n a l y s i s  i s  p r e s e n t e d  i n  Appendix 11. It  should  be noted  

t h a t  w e  based ou r  a n a l y s i s  on coppe r -cons t an tan  thermocouples .  T h i s  e f f e c t  

of h e a t  l e a k s  could  have been reduced by u s i n g  w i r e  m a t e r i a l s  of  lower 

thermal  c o n d u c t i v i t y  (chromel-alumel ,  i r o n  c o n s t a n t a n ) ;  however, f o r  r easons  

d i s c u s s e d  i n  the  f o l l o w i n g  paragraph  we choose coppe r -cons t an tan  f o r  t h e  

expe r imen t s .  

Copper-cons tan tan  thermocouple w i r e  was s e l e c t e d  f o r  t h i s  a p p l i c a -  

t i o n  s i n c e  t h i s  combinat ion is e a s i l y  assembled,  has  a f a v o r a b l e  m i l l i v o l t  

v s .  t empera tu re  c h a r a c t e r i s t i c  i n  the  t empera tu re  range  of i n t e r e s t ,  and,  i n  

g e n e r a l ,  t h i s  combinat ion i s  r e l a t i v e l y  f r e e  from c a l i b r a t i o n  c o r r e c t i o n s .  

Each thermocouple was r e f e r e n c e d  t o  0 C u s i n g  c o n s t a n t  l e v e l  i ce -wa te r  b a t h  

i n  a thermos b o t t l e .  The co ld  j u n c t i o n s  were i n s e r t e d  i n  o i l - f i l l e d  g l a s s  

t ubes  which were ma in ta ined  a t  0 C by suspending  t h e  assembly of s i x  tubes  

approx ima te ly  4 - 6" below t h e  s u r f a c e  of t he  i c e - w a t e r  b a t h .  A s iphon  

system was used t o  m a i n t a i n  a c o n s t a n t  b a t h  l e v e l .  Before a t t a c h i n g  the  

thermocouples  t o  t h e  models ,  t hey  were i n d i v i d u a l l y  c a l i b r a t e d  a t  0 C and 

100 C u s i n g  an i c e - w a t e r  and a steam b a t h .  The m i l l i v o l t  o u t p u t s  were a l s o  

o b t a i n e d  a t  d r y  i c e - a c e t o n e  and tap-water  t empera tu res  and compared w i t h  

0 

0 

0 

0 
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r e a d i n g s  from a n  e t c h e d  s t e m  p r e c i s i o n  glass thermometer.  In  a l l  cases 

t h e  thermocouple r e a d i n g s  were w i t h i n  1/2OC of  t h e  p u b l i s h e d  (L & N) m i l l i -  

v o l t  o u t p u t  v s .  t empera tu re  d a t a  f o r  coppe r -cons t an tan .  

The thermocouples  were s o f t  s o l d e r e d  (#35 Cera-Seal)  i n t o  1/16-  

i n c h  d i a m e t e r  wells d r i l l e d  i n t o  t h e  the rma l  models.  The l e a d s  were then  

cemented t o  t h e  model w i t h  P l iobond  cement and t h e n  t aped  t o  t h e  model w i t h  

a small  s t r i p  of "Scotch" t a p e  t o  p r e v e n t  t h e  l e a d s  from s e p a r a t i n g  and p r o -  

duc ing  e r r o n e o u s  t empera tu re  r e a d i n g s .  The thermocouples i n  Model 81 were 

i n i t i a l l y  i n s t a l l e d  i n  t h e  w e l l s  w i t h  "Ames" copper cement and t h e  l e a d s  

g lued  w i t h  Eastman 910 a d h e s i v e .  During t h e  f i r s t  t es t  i n  vacuum,several  

thermocouples  s e p a r a t e d  when t h e  model was t empera tu re  c y c l e d .  Subsequent  

t e s t i n g  was completed w i t h  t h e  thermocouples s o l d e r e d  i n  p l a c e  as d e s c r i b e d  

above e 

Before i n s t a l l i n g  t h e  the rma l  models i n  t h e  t es t  chamber, t h e  

thermocouples were r ead  o u t  w i t h  t h e  model a t  a uniform t empera tu re  ( a t  

ambient a i r  t empera tu res )  t o  check f o r  u n i f o r m i t y .  The r e s u l t s  i n d i c a t e d  

t h a t  a l l  thermocouples  were r e a d i n g  w i t h i n  1 / 4  C of e a c h  o t h e r .  0 

6 .  S u r f a c e  C o a t i n g  

As p r e v i o u s l y  d i s c u s s e d ,  i t  i s  n e c e s s a r y  t h a t  t h e  "bas i c"  and 

s c a l e d  models have i d e n t i c a l  s u r f a c e  e m i t t a n c e s  when i n t e r n a l  power i s  

2rthur 
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d i s s i p a t e d  by r a d i a t i o n .  P r e v i o u s  e x p e r i e n c e  i n  o u r  l a b o r a t o r y  i n d i c a t e d  

t h a t  "3M" brand Velvet Black O p t i c a l  Coat ing '  i s  r e l a t i v e l y  s imple  t o  a p p l y ,  

w i l l  adhe re  t o  most metals  a t  low t e m p e r a t u r e s  i n  vacuo and h a s  a r e p r o -  

d u c i b l e  t o t a l  h e m i s p h e r i c a l  e m i t t a n c e  c l o s e  t o  u n i t y .  Emi t t ances  of  0 .97  

between LN2 and ambient t e m p e r a t u r e s  were measured i n  o u r  l a b o r a t o r y .  No 

a p p a r e n t  t empera tu re  dependence w a s  n o t e d .  (Th i s  work was n o t  performed 

under t h e  s u b j e c t  c o n t r a c t )  e 

The s u r f a c e s  o f  P a r t s  A and C of b o t h  models were c o a t e d  w i t h  

t h i s  p a i n t .  The m e t a l  s u r f a c e s  were c l e a n e d  f i r s t  w i t h  a c e t o n e ,  d ipped  i n t o  

t h e  p a i n t  and al lowed t o  d r i p  d r y .  A f t e r  p a i n t i n g  c a r e  was t a k e n  n o t  t o  

hand le  t h e s e  p a i n t e d  s u r f a c e s .  Note t h a t  t h e  model measurements l i s t e d  i n  

F i g u r e  1 a p p l y  t o  t h e  measured dimensions b e f o r e  p a i n t i n g .  A f t e r  p a i n t i n g ,  

a d d i t i o n a l  measurements were made t o  de t e rmine  t h e  p a i n t  t h i c k n e s s .  Ap- 

p r o x i m a t e l y  0.0038-inch of  p a i n t  w a s  d e p o s i t e d  on t h e  s u r f a c e s .  

The i n t e r i o r  of t h e  vacuum v e s s e l  shown i n  F i g u r e  2 was a l s o  

c o a t e d  w i t h  t h i s  same p a i n t  t o  r educe  i n t e r n a l  r e f l e c t i o n s .  

D .  TEST EQUIPMENT 

A schemat i c  diagram o f  t h e  t e s t  chamber i s  shown i n  F i g u r e  2 .  

"Manufactured by Minnesota  i n i n g  & Manufac tu r ing  Co. 
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The t e s t  chamber was .x t h i n - w a l l e d  s t a i n l e s s  s t e e l  vacuum vessel hav ing  a 

10 1 /2 - inch  d i a m e t e r  s p h e r i c a l  t e s t  s e c t i o n .  A vacuum f l a n g e ,  s e a l e d  w i t h  a n  

O-r ing was mounted on t h e  w a r m  end of t h e  neck of t h e  vacuum v e s s e l .  The 

neck w a s  a 2 112-inch d i a m e t e r  t ube  approx ima te ly  1 2  i n c h e s  long.  The 

lower p o r t i o n  of t h e  neck and t h e  s p h e r i c a l  t es t  s e c t i o n  were submerged i n  

l i q u i d  n i t r o g e n  c o n t a i n e d  i n  a 21-inch d i a m e t e r  LN vacuum-jacketed dewar. 

By suspend ing  t h e  models i n  t h e  approximate p o s i t i o n s  shown i n  F i g u r e  2 ,  

the"b1ack" s u r f a c e s  of  t h e  models had a poor  "view" of  t h e  w a r m  end of  t h e  

neck and t h e  f l a n g e .  The i n t e r i o r  of t h e  t e s t  chamber and t h e  neck were 

coa ted  w i t h  "3M" O p t i c a l  b l a c k  p a i n t  t o  minimize r e f l e c t i o n s .  

2 

The vacuum sys t em c o n s i s t e d  of a d i f f u s i o n  pump and LN c o l d  
2 

t r a p  w i t h  a 15 CFM mechan ica l  forepump. S e v e r a l  thermocouple gages and a n  

i o n i z a t i o n  gage were used t o  r e a d  t h e  chamber p r e s s u r e  d u r i n g  t es t .  We ex- 

p e r i e n c e d  no d i f f i c u l t y  w i t h  t h i s  vacuum system and a f t e r  o u t g a s s i n g  t h e  

model, (by h e a t i n g ) , t h e  p r e s s u r e s  i n  t h e  t e s t  s e c t i o n  cou ld  be h e l d  a t  p r e s -  

sures down t o  10 t o r r .  . I n  a l l  of  t h e  t es t  r u n s  t h e  p r e s s u r e  was below 

t o r r .  Two h e r m e t i c  g l a s s - t o - m e t a l  seals were s o l d e r e d  i n  t h e  f l a n g e  

-6 

t o  p r o v i d e  f o r  thermocouple and h e a t e r  l e a d  th roughs .  

0 The thermocouples were r e f e r e n c e d  t o  0 C and t h e  m i l l i v o l t  o u t -  

p u t  r e a d  w i t h  a Minneapolis-Honeywell  p r e c i s i o n  p o t e n t i o m e t e r .  The thermo- 

coup les  were each  r e a d  and r eco rded  a t  l I 2 - h o u r  i n t e r v a l s  u n t i l  t h e  system 
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reached  s t e a d y - s t a t e .  A copper -cons t an tan  s e l e c t o r  s w i t c h  w a s  used  t o  con- 

v e n i e n t l y  r e a d  each  l o c a t i o n .  The p o t e n t i o m e t e r  cou ld  be r ead  t o  w i t h i n  5 

m i c r o v o l t s  which co r re sponds  t o  approximate  0 . 1  C a t  t h e  t empera tu re  levels 

of  i n t e r e s t .  A 16-channel  r e c o r d i n g  p o t e n t i o m e t e r  was used t o  obse rve  t h e  

cooldown p e r i o d  and t o  de t e rmine  i f  t h e r e  were any t empera tu re  f l u c t u a t i o n s  

i n  t h e  model t empera tu res .  I n  a l l  t e s t s  t h e  t empera tu res  were i n v a r i a n t  

once t h e  model reached  a s t e a d y - s t a t e  c o n d i t i o n .  

0 

The power i n p u t  t o  t h e  h e a t e r  was s u p p l i e d  by a 0-50 VDC r e g u l a -  

t e d  power s u p p l y  (M.1 - p e r c e n t  r e g u l a t i o n ) .  The v o l t a g e  d rop  and t h e  c u r r e n t  

f low t o  t h e  h e a t e r  were measured by a Weston p r e c i s i o n  v o l t m e t e r  and m i l l i -  

ammeter which were c a l i b r a t e d  a g a i n s t  l a b o r a t o r y  s t a n d a r d s .  The power 

d i s s i p a t e d  i n  t h e  h e a t e r  was c a l c u l a t e d  from measurements o f  t h e  c u r r e n t  

f l ow and t h e  a c t u a l  r e s i s t a n c e  of t h e  h e a t e r .  T h i s  method was s e l e c t e d  

s i n c e  measurements of  t h e  v o l t a g e  drop  a t  t h e  h e a t e r  i t s e l f  would r e q u i r e  

a d d i t i o n a l  l e a d s  and would i n t r o d u c e  a n o t h e r  s o u r c e  f o r  h e a t  f low.  



33 

111. TEST RESULTS 

I n  t h e  f o l l o w i n g  s e c t i o n  w e  w i l l  p r e s e n t  t h e  r e s u l t s  of t h e  

the rma l  tes ts  which were unde r t aken  i n  t h e  t e s t  a p p a r a t u s  shown i n  

F i g u r e  2.  The f i r s t  tes ts  were performed w i t h  t h e  "bas i c"  model f a b r i c a t e d  

of Armco i r o n .  The dimensions and c o n f i g u r a t i o n  a r e  shown i n  F i g u r e  1. 

We d i s c u s s e d  p r e v i o u s l y  t h a t  t h e  f i r s t  r u n  w i t h  t h i s  model w a s  u n s u c c e s s f u l  

due t o  t h e  f a c t  t h a t  t h e  epoxy j o i n t  s e p a r a t e d  d u r i n g  t e s t i n g  when t h e  model 

t empera tu re  was al lowed t o  f a l l  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e s .  T h i s  o c -  

c u r r e d  d u r i n g  a shutdown of t h e  h e a t e r .  The model was s u b s e q u e n t l y  r e p a i r e d  

and t h e  j o i n t  pinned (see S e c t i o n  11 f o r  d e t a i l s ) .  The t e s t  r e s u l t s  f o r  

t h i s  Armco i r o n  model c o n f i g u r a t i o n  a r e  p r e s e n t e d  i n  Tab le  I .  The tes ts  

were run  a t  f o u r  i n p u t  power l e v e l s ,  and a t  each  power l e v e l  t h e  model was 

al lowed t o  r e a c h  the rma l  e q u i l i b r i u m .  The measured t empera tu res  r e p r e s e n t  

t h i s  s t eady- s  t a t e  c o n d i t i o n .  The t empera tu re  s u b s c r i p t s  are r e f e r e n c e d  t o  

t h e  thermocouple l o c a t i o n s  shown i n  F i g u r e  1. 

I n  T a b l e  I t h e  h e a t e r  i n p u t  power was computed by s u b t r a c t i n g  

2 t h e  I R l o s s e s  i n  t h e  h e a t e r  l e a d s  from t h e  measured t o t a l  i n p u t  power; 

t h e  c o r r e c t i o n  b e i n g  approx ima te ly  5 p e r c e n t  of t h e  t o t a l  i n p u t  power. I n  

t h e  t r u e  p h y s i c a l  s i t u a t i o n  t h e  h e a t e r  l e a d s  themselves  a c t  as p o t e n t i a l  

h e a t  s o u r c e s  o r  s i n k s ,  and can i n f l u e n c e  t h e  t r u e  i n p u t  power t o  t h e  model.  

Although t h e  t e r m i n a l  t e m p e r a t u r e s  of t h e  l e a d s  were a t  approx ima te ly  t h e  

same t empera tu re ,  t h e  h e a t  f low i n  t h e  l e a d  wires i s  dominated by t h e  i n -  

t e r n a l  power d i s s i p a t i o n  and t h e  r a d i a t i o n  i n t e r c h a n g e  between t h e  l e a d s  
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TABLE I 

THERMAL MODELING TEST DATA - RUN 12 

Thermal Model #I1 - Armco Iron, k = 0.741 watt/cm°K at 10°C with PVC insulator 
Hanganin heater lead resistance 18.92 ohms 
Copper-constantan thermocouples - r ference junction 0 C (#34 AWG) 
Sample container pressure i 1 x 10 
Sample container wall: temperature 77 K 
0.014" nylon monofilznent support thread 

0 

-!I torr 
0 

Input Heater 
Current Power Power Temperature 

( C) 0 
Voltage 

Date gvolts) (m. amps1 (watts) (watts) - 
9-4-62 44.0 115 5.060 4.810 T1 -115.6 

-114.9 
-113.7 
70.5 
74.8 
86.3 

T2 
T3 
T5 

T7 

II 

I 1  

I 1  

11 

II T6 

9-1-62 35.9 93.9 3.371 3.204 T1 -124.2 
-123.4 
-122.9 
35.9 
36.6 
46.9 

I1  

II 

II 

I 1  

11 

T2 
T3 
T5 

T7 
T6 

8-31-62 41.9 
11 

I 1  

II 

I 1  

11 

8-31-62 44.8 
t I  

II 

I1  

II 

11 

10 9 

116.5 

4.567 4.342 T1 -116.1 
-115.1 
-114.0 
61.3 
64.3 
75.9 

T2 
T3 
T5 

T7 
T6 

5.219 4.962 *1 
T2 
T3 
T5 

T7 
T6 

-113.2 
-112.5 
-111.2 
72.5 
76.5 
88.9 
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and t h e  peck of  t he  t e s t  chamber. To de t e rmine  t h e  v a l u e  o f  t h e  t empera tu re  

g r a d i e n t  :and t h e r e f o r e  t h e  h e a t  f low) a t  t h e  h e a t e r  end of  t h e  l e a d s  i t  

would be n e c e s s a r y  t o  s o l v e  a complex h e a t  f low problem s i n c e  t h e  l e a d  wire 

"views" a non-uniform t empera tu re  environment i n  t h e  neck of  t he  tes t  cham- 

b e r .  Furt t 'ermore,  t h e  t empera tu re  of l e a d  w i r e  a t  t h e  h e a t e r  end i s  un- 

known, and a thermoccuple measurement would i n t r o d u c e  a n o t h e r  p o t e n t i a l  

h e a t  Leak. We recogn ized  t h i s  d i f f i c u l t y  i n  c o r r e c t l y  e s t i m a t i n g  t h e  t r u e  

i n p u t  power and contemplated u s i n g  a n  a d d i t i o n a l  h e a t e r  t o  m a i n t a i n  t h e  l ead  

a t  a uniform t e m p e r a t u r e .  T h i s  approach was n o t  used because of t h e  added 

complexi ty  i n v o l v e d ,  In view of  t h e s e  problems w e  c a l c u l a t e d  t h e  power d i s -  

s i p a t e d  from the  model u s i n g  t h e  measured t empera tu re  d i s t r i b u t i o n s  and 

found t h a t  t h e  h e a t  b a l a n c e  ag reed  w i t h  t h e  c a l c u l a t e d  h e a t e r  i n p u t  power 

w i t h i n  a few p e r c e n t .  F o r  M d e l  #l  an u n c e r t a i n t y  i n  t h e  i n p u t  power 

measurement o f  + 1 p e r c e n t  w i l l  i n t r o d u c e  a n  u n c e r t a i n t y  o f  N.75 C i n  t h e  

mean t empera tu re  o f  t h e  model between t h e  h e a t e r  and the  PVC s e c t i o n .  A 

comparison of  t h e  r e - r a d i a t e d  power and t h e  c a l c u l a t e d  i n p u t  power f o r  t h i s  

model and Model 112 w i l l  be p r e s e n t e d  i n  a f o l l o w i n g  d i s c u s s i o n .  

0 
- - 

The measured t empera tu res  f o r  Model #1 a r e  p l o t t e d  i n  F i g u r e  3 

a5 a f u n c t i o n  of t h e  model l eng th  measured from t h e  h e a t e r  end.  The 

g r a d i e n t s  i n  t h e  Armco i r o n  a t  t h e  h e a t e r  end v a r y  from 11 t o  16 C whereas 

t h e  g r a d i e n t s  i n  t h e  Armco i r o n  member ( P a r t  C) a t  t h e  extreme end are 

o n l y  s e v e r a l  d e g r e e s .  The g r a d i e n t  a c r o s s  t h e  PVC i n s u l a t o r  was of t h e  

o r d e r  of 160 tc 180 C. 

0 
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The t e s t  d a t a  f o r  Model # 2  are p r e s e n t e d  i n  Tab les  11, 

through V .  I n  Tab le  I1 t h e  d a t a  were o b t a i n e d  w i t h  manganin h e a t e r  l e a d s  

s i m i l a r  t o  t h o s e  used f o r  Model 111. The t a b u l a t e d  v a l u e s  o f  t h e  h e a t e r  

power were c a l c u l a t e d  from t h e  c u r r e n t  f low and t h e  r e s i s t a n c e  of t h e  

h e a t e r  winding  i t s e l f .  The t a b u l a t e d  v a l u e s  o f  t h e  "sca led"  power i n p u t  

were o b t a i n e d  by m u l i i p l y i n g  t h e  h e a t e r  i n p u t  power by t h e  s c a l e  f a c t o r  o f  

4.488. T h i s  scale f a c t o r  i s  based on t h e  thermal  model ing l a w s  and i s  d e -  

r i v e d  i n  S e c t i o n  11. Thus,  t h e  t empera tu re  d i s t r i b u t i o n s  i n  Models 111 and 

# 2  shou ld  be i d e n t i c a l  when t h e  h e a t e r  i n p u t  power i n  Model #l  i s  e q u i -  

v a l e n t  t o  t h e  "sca led"  h e a t e r  i n p u t  power i n  Model # 2 .  

Comparing T a b l e s  I and I1 i t  can be s e e n  t h a t  t h e  t empera tu res  

of  Model #2  between t h e  h e a t e r  and PVC i n s u l a t o r  were c o n s i d e r a b l y  less 

t h a n  measured t empera tu res  of  Model I1  a t  s c a l e d  i n p u t  powers.  For  

example,  a t  a s c a l e d  i n p u t  power of 3 . 2 3  w a t t s  t h e  t empera tu res  were low 

( i n  t h i s  r eg ion )  by 5 - 10°C. 

were approx ima te ly  5 t o  6OC h i g h e r  than  Model 411, i n d i c a t i n g  t h a t  more 

The t empera tu res  a t  l o c a t i o n s  1, 2 and 3 

h e a t  w a s  f l owing  through t h e  PVC i n s u l a t o r .  It shou ld  be no ted  t h a t  small 

d i f f e r e n c e s  i n  t h e  amount of  h e a t  f lowing  i n  t h e  i n s u l a t o r  cause  l a r g e  d i f -  

f e r e n c e s  i n  t h e  mean t empera tu re  o f  P a r t  C .  A t  t h i s  i n p u t  power level ,  f o r  

example,  t h e  s e n s i t i v i t y  o f  t h e  mean t empera tu re  a t  t h e  h e a t e r  end i s  

0 . 1 2  C / m i l l i w a t t  whereas  t h e  s e n s i t i v i t y  of  t h e  mean t empera tu re  o f  t h e  

ex t reme end of t h e  model is  0 . 6 3  C / m i l l i w a t t .  T h i s  means t h a t  an  u n c e r t a i n t y  

0 

0 
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Therma Mode 

TABLE I1 

THERMAL MODELING TEST DATA - RUN #3  

f 2  - SAE 4130 (k E 0 . 3 5  w a t t / c m ° K  a t  10°C) w i t h  PVC - n s u l a t o r  

0 
Manganin h e a t e r  l e a d  (832 w i r e )  
Copper -cons t an tan  thermocouples  - r f e r e n c e  j u n c t i o n  0 C (#40 AWG) 
Sample c o n t a i n e r  p r e s s u r e  rn 1 x 10 t o r r  
Sample c o n t a i n e r  w a l l  t empera tu re  7 7  K 
0.014" nylon monofilament s u p p o r t  t h r e a d  

L -3 
0 

Vol tage  
Date (vo 1 ts) 

9-10-62 14.4 
I 1  

I I  

II 

t i  

I t  

9-8-62 13.6 
I I  

11 

11 

I I  

I 1  

9-10-62 12.3 
I I  

I I  

1 1  

I I  

II 

S c a l e d  
Heater Heater 

C u r r e n t  Power Power 
(m. amps) ( w a t t s )  ( w a t t s )  

76.0 0 .9871 

71.0 0.872 

65 .O 0 .721  

4.43 T1 
T 2  
T3  
T5 

T7 

T 2  
T3 
T5 

T7 

T6 

3 .91  T1 

T6 

3 .23  T1 
T 2  
T3  
T5 

T 7  
T6 

Temperature 
( C) 
0 

- 1 1 2  
-112  
-110 
+ 55 
+ 57 
+ 63 

-113 
-113 
-111 
+ 47 
+ 49 
+ 54 

-118 
-117  
-115 
+ 29 
+ 31 
+ 35 
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Therma Mode 

TABLE I11 

THERMAL MODELING TEST DATA - RUN #5 

112 - SAE 4130 w i t h  PVC i n s u l a t o r  

- Note: All c o n d i t i o n s  as Run 8 3  e x c e p t  manganin l e a d s  r e p l a c e d  w i t h  p o l i s h e d  
n i cke  1 l e a d s  (0 .OlO" d i a  .) 

Sca led  
Heater Heater 

- Date ( v o l t s )  (m. amps) (watts)  ( w a t t s )  
Vo l t age  C u r r e n t  Power Power 

9-15-62 11.0 66 0 .720  3.23 

9-15-62 11.0 66 0.720 3.23 

Tempe r a t  u r e 
( C) 0 

- 1 2 1  

-120 

-118 

+ 34 

+ 36 

+ 40 
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TABLE I V  

THERMAL MODELING T E S T  DATA - RUN #8 

Thermal Model 112 S A E  4130 w i t h  PVC i n s u l a t o r  

Note: All c o n d i t i o n s  s imilar  t o  Run 115 e x c e p t  0.014"  nylon s u p p o r t  t h r e a d  
r e p l a c e d  w i t h  0.0075"  ny lon .  
t i o n  added t o  h e a t e r  area. Removed TC 2 and r e l o c a t e d  between TC 7 
and TC 6. 

- 
One a d d i t i o n a l  wrap of s u p e r  i n s u l a -  

S c a l e d  
Heater Heater 

Vo 1 t a g e  
( v o l t s )  (amps) jwa t t s )  ( w a t t s )  

C u r r e n t  Power Power Temp e r a t u  r e 
( C) 
0 Date - 

-117 T1 10 -25  -62 11.0 66 0.720 3 . 2 3  

10 - 25 -62 11.0 66 

-115 

+ 33 

+ 35 

+ 37 

T3 

T5 

T2 

T6 

+ 40 T7 0 . 7 2 0  3 . 2 3  
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TABLE V 

THERMAL MODELING TEST DATA - RUN #9 

Thermal Model #2 SAE 4130 w i t h  PVC i n s u l a t o r  

Removed ny lon  s u p p o r t .  Thread and suspended model by thermocouples.  Added 
a d d i t i o n a l  wrap of "super" i n s u l a t i o n  a t  h e a t e r  end. 

S c a l e d  
Heater Heater 

Date (vo 1 t s) (m. amps) ( w a t t s )  (watts1 
Vo 1 t a g e  C u r r e n t  Power Power 

- 
9-26-62 1 2  * 95 7 7  * 980 4.398 T1 

9-  27  -62 11.05 

9-27-62 13.6 

66 

81 

e 720 3 e 232 

1,085 4,870 T1 

T3 

T 2  
T7 

T6 

Temp era  t u  re 
( C) 
0 

-110.5 

-108.7 
62.1 
64.8 
67 -0  
7 2 - 6  

-117.3 
-115.9 

37 -0 
38.8 
40.3 
43.9 

-109.3 
-107.6 

71.4 
74.3 
76.5 
81.8 
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of  10 m i l l i w a t t s  i n  t h e  h e a t  f l owing  through t h e  PVC i n s u l a t o r  i s  r e f l e c t e d  

i n  a 6OC change i n  T 

which one e n c o u n t e r s  i n  the rma l  t e s t i n g  when t h e  t empera tu re  l e v e l s  are 

We s t a t e  t h i s  example t o  show t h e  d i f f i c u l t i e s  
2 '  

low and t h e  d i s s i p a t e d  f l u x  i s  s m a l l .  

A h e a t  b a l a n c e  f o r  t h i s  run  i n d i c a t e d  t h a t  t he  r e - r a d i a t e d  

power was c o n s i d e r a b l y  less t h a n  t h e  measured h e a t e r  i n p u t .  We f e l t  t h a t  t h e  

h e a t  l e a k  a l o n g  the  h e a t e r  l e a d s  w a s  a p o t e n t i a l  s o u r c e  of t r o u b l e  and re- 

p l a c e d  t h e  rnanganin l e a d s  w i t h  p u r e  n i c k e l  u n - i n s u l a t e d  l e a d s .  Although 

n i c k e l  has  a h i g h e r  the rma l  c o n d u c t i v i t y  than  manganin we were a b l e  t o  

h i g h l y  p o l i s h  t h e  s u r f a c e  of  t h e  n i c k e l  l e a d s  and t h e r e b y  reduce t h e  s u r f a c e  

e m i t t a n c e .  A low e m i t t a n c e  would t end  t o  reduce t h e  h e a t  l e a k  from t h e  

w i r e .  

The d a t a  f o r  t h i s  c o n f i g u r a t i o n  are p r e s e n t e d  i n  Tab le  111. I t  

shou ld  be n o t e d ,  lmwever, t h a t  t h e  model was n o t  i n  complete e q u i l i b r i u m .  

The d a t a  were o b t a i n e d  when T T and T were i n c r e a s i n g  i n  t e m p e r a t u r e ,  
1' 2 3 

and t h e s e  t a b u l a t e d  v a l u e s  are low. The remaining t empera tu res  were i n  

e q u i l i b r i u m ,  ( t h e  t i m e  c o n s t a n t  f o r  t h i s  end b e i n g  much smaller t h a n  t h e  

extreme end where t h e  mean t empera tu re  level  is lower ) .  The v a l u e s  i n -  

d i c a t e  t h a t  t h e  mean t e m p e r a t u r e a t  t h e  h e a t e r  end were i n c r e a s e d  by ap-  

p r o x i m a t e l y  5 C ;  however, t hey  were below t h o s e  measured f o r  Model 81, 0 
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Another t es t  run  was made w i t h  a smaller d i ame te r  s u p p o r t  

co rd  (0.0075" d i a . )  and a n  a d d i t i o n a l  wrap of  i n s u l a t i o n  on t h e  h e a t e r .  As 

shown i n  T a b l e  I V  t h e  mean t empera tu res  d i d  n o t  appea r  t o  be a f f e c t e d  by 

t h i s  change.  In t h i s  run TC 2 was r e l o c a t e d  between TC 7 and TC 6 t o  ob- 

t a i n  a b e t t e r  p i c t u r e  of t h e  g r a d i e n t s  a t  t h e  h e a t e r  end .  

Although w e  d i d  n o t  n o t e  any a p p a r e n t  change i n  t h e  t empera tu res  

i n  Run #a ,  w e  s t i l l  s u s p e c t e d  t h a t  t h i s  s u p p o r t  p e n e t r a t i o n  i n  t h e  i n s u l a -  

t i o n  was a s o u r c e  of h e a t  l eakage .  I n  Run #8 t h e  mean t empera tu res  of t h e  

h e a t e r  end o f  t h e  model were low by some 5 O C ,  and a h e a t  l e a k  of some 40 

m i l l i w a t t s  would r e p r e s e n t  t h i s  d i f f e r e n c e .  

The n e x t  t e s t  w i t h  Model 412 w a s  made w i t h  t h e  nylon s u p p o r t  

comple t e ly  removed, and a n  a d d i t i o n a l  wrap o f  i n s u l a t i o n  on t h e  h e a t e r .  The 

d a t a  f o r  t h i s  r u n  are p r e s e n t e d  i n  Tab le  I V  and p l o t t e d  i n  F i g u r e  4 .  Com- 

p a r i n g  T a b l e s  I11 and I V  i t  can be s e e n  t h a t  t h e  h e a t e r  end t empera tu res  

i n c r e a s e d  by approx ima te ly  3 C due t o  t h e  removal of t h e  p e n e t r a t i o n .  0 

A comparison of t h e  t empera tu re  d a t a  f o r  Models #l and 8 2  i s  

p r e s e n t e d  i n  F i g u r e  5.  I n  t h i s  p l o t  t h e  dimensions of Model 112 were s c a l e d  

by t h e  c o n d u c t i v i t y  r a t i o  of  t h e  Armco i r o n  and SAE 4130. S i m i l a r l y ,  t h e  

i n p u t  powers were s c a l e d  f o r  comparat ive p u r p o s e s .  Data are p r e s e n t e d  

f o r  two i n p u t  power levels where t h e  mean t empera tu re  was i n c r e a s e d  by 

2 r  t h Ur 
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0 approx ima te ly  30 C. A s  shown i n  F i g u r e  5 ,  t h e  h e a t e r  end t empera tu res  

s c a l e d  t o  w i t h i n  3OC a t  t h e  lower power l e v e l  and w i t h i n  3.3OC a t  t h e  

h i g h e r  power l e v e l .  Note t h a t  t h e  t empera tu re  g r a d i e n t  a t  t h e  h e a t e r  end 

of  Model #l becomes s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  measured f o r  Model 12 

as t h e  mean t empera tu re  l e v e l  i s  i n c r e a s e d .  We b e l i e v e  t h a t  p a r t  of  t h i s  

d i s c r e p a n c y  can  be t r a c e d  t o  t h e  f a c t  t h a t  t h e  c o n d u c t i v i t y  of t h e  Armco 

i r o n  d e c r e a s e s  w i t h  i n c r e a s i n g  t empera tu re  more than  the  SAE 4130. T h i s  

would,of c o u r s e ,  change t h e  a p p r o p r i a t e  s c a l i n g  f a c t o r s  f o r  t h e  two models.  

Our s c a l i n g  r a t i o  was c a l c u l a t e d  f o r  a mean t empera tu re  of  +10 C which i s  0 

lower than  e i t h e r  of  t h e  p l o t t e d  c u r v e s .  T h i s  e f f e c t  i s  shown more c l e a r l y  

i n  F i g u r e  6 where T and T a r e  p l o t t e d  f o r  b o t h  models as a f u n c t i o n  of 

i n p u t  power. 

7 6 

The s c a l e d  t e m p e r a t u r e s  a t  t h e  extreme end of t h e  model i n d i c a t e  

a d i f f e r e n c e  of between 5 and 7OC (an e r r o r  of  some 4 p e r c e n t  i n  a b s o l u t e  

t e m p e r a t u r e ) .  I n  t h i s  case w e  would a t t r i b u t e  some of the  d i s c r e p a n c y  t o  

t h e  s i m u l a t i o n s  of  a j o i n t  cenduc tance ,  s i n c e  t h e s e  t empera tu res  are  ex- 

t r eme ly  s e n s i t i v e  t o  t h e  h e a t  f l owing  i n  t h e  PVC member, 

I n  T a b l e  V I  w e  have compared t h e  t e m p e r a t u r e  d i s t r i b u t i o n s  i n  

t h e  two models w i t h  a n  IBM 7090 computer s o l u t i o n .  (The computer program 

was developed a t  A r t h u r  D .  L i t t l e ,  I n c . ,  t o  s o l v e  f o r  t h e  t r a n s i e n t  tempera- 

t u r e  d i s t r i b u t i o n s  i n  s p a c e c r a f t  and was a v a i l a b l e  f o r  t h i s  s o l u t i o n ) .  I n  

t h i s  a n a l y t i c a l  s o l u t i o n ,  w e  e s t i m a t e d  t h e  conductance of t h e  PVC member 

arrhur 
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TC 1 

TC 2 

TC 3 

TC 5 

TC 6 

TC 7 

TABLE V I  

COMPARISON OF MACHINE CALCULATIONS AND MEASURED TEMPERATURES 

(AI 1 tempera t u r e s  i n  OK> 

Power  i n p u t  to h e a t e r  4.0 w a t t s  

Machine  C a l c u l a t i o n s  Model  411 

158.5 154 

159.3  155 

160.7  156 

320 - 0  327 

334.9 340 

Model  112 

160 

162 

327 

336 
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based on a p u b l i s h e d  the rma l  c o n d u c t i v i t y  v a l u e  of  0.003 w a t t / c m ° K .  

w e  d i d  n o t  measure t h e  the rma l  c o n d u c t i v i t y ,  and t h e  "k" f o r  p l a s t i c  

m a t e r i a l s  can v a r y  from l o t  t o  l o t  by a f a c t o r  of 2 o r  more, w e  r e g a r d  

t h e s e  c a l c u l a t i o n s  as mere ly  i n d i c a t i v e  of t h e  t empera tu re  r anges .  I n  t h e  

machine c a l c u l a t i o n  w e  accounted f o r  t he  thermocouple h e a t  l e a k s  by t r e a t -  

i n g  each  l ead  l o c a t i o n  as a h e a t  s i n k .  The h e a t  f low was e s t i m a t e d  u s i n g  

t h e  p rocedures  developed i n  Appendix X I  of t h i s  r e p o r t .  An e m i t t a n c e  of 

0 .97 was assumed. It was a SO assumed t h a t  no h e a t  f lowed through t h e  

s u p e r  i n s u l a t i o n  s u r r o u n d i n  t h e  h e a t e r  o r  PVC. R e f e r r i n g  t o  T a b l e  V I ,  i t  

can  be s e e n  t h a t  t h e  t empera tu res  are  i n  f a i r  ag reemen t ,  w i t h  t h e  c a l c u l a t e d  

h e a t e r  end t e m p e r a t u r e s  lower than t h o s e  measured. 

S i n c e  

I n  Tab le  V I 1  w e  have t a b u l a t e d  t h e  r e - r a d i a t e d  power and t h e  

a p p a r e n t  j o i n t  conductance f o r  each model a t  d i f f e r e n t  power l e v e l s .  The 

r e - r a d i a t e d  power w a s  o b t a i n e d  by c m p u t i n g  t h e  mean i n t e n s i t y  of t h e  

the rma l  r a d i a t i o n  l e a v i n g  each  of t h e  two r a d i a t i n g  s u r f a c e s ,  ( P a r t s  A and 

C i n  F i g u r e  1). The measured t empera tu res  were used to e s t a b l i s h  t h e  T 

d i s t r i b u t i o n .  The mean i n t e n s i t y  was found by numer i ca l  i n t e g r a t i o n  u s i n g  

Simpson's  r u l e .  An e m i t t a n c e  of 0 .97 was assumed. I n  t k i s  c a l c u l a t i o n  w e  

accounted f o r  t h e  r a d i a n t  i n t e r c h a n g e  between t h e  model and t h e  LN tempera- 

t u r e  wa l l s  of t h e  t es t  chamber. A uniform t empera tu re  of 7 7  K w a s  assumed. 

I n  a l l  o f  t h e  Model # 2  t es t s  t h e  r e - r a d i a t e d  pr3wer was one t o  two p e r c e n t  

less t h a n  t h e  computed h e a t e r  i n p u t  power. The computed r e - r a d i a t e d  power 

f o r  Model P1 was less than  t h e  h e a t e r  power f o r  two power l e v e l s  and 

4 

2 
0 
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TABLE V I 1  

COMPARISON QF MEAT BALANCES AND JOINT CONDUCTANCES 

Heater Re-radiated Apparent j o i n t  
Power Power Conduc tanc- 

- Run Mode 1 jwat t s )  (watts) X Deviation w a t t s / c u 1 2  OK 

2 1 3.204 3.0797 -3  88 1.02 

2 1 4 .342  4.3119 -0.69 1 . 1 6  

2 1 4.810 4.8234 4 . 2 8  1.11 

9 2 .720 0.7046 -2.13 1.30 

9 2 .980 0 9633 -1.70 1.37 

9 2 1 .085  1.0693 -1.45 1 . 3 6  
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s l i g h t l y  g r e a t e r  f o r  t h e  h i g h e s t  power level .  I n  t h i s  t a b l e  t h e  d e v i a t i o n  

i s  r e f e r e n c e d  t o  t h e  c a l c u l a t e d  h e a t e r  i n p u t  power. 

The c a l c u l a t e d  r e - r a d i a t e d  power was less than  i n p u t  power i n -  

d i c a t i n g  t h a t  t h e  e f f e c t  of  thermocouple h e a t  l e a k s  was s i g n i f i c a n t .  Note 

t h a t  t h e  l a r g e s t  d e v i a t i o n  r e p r e s e n t s  a d i f f e r e n c e  of o n l y  120 m i l l i w a t t s .  

A s i g n i f i c a n t  f r a c t i o n  o f  t h i s  d e v i a t i o n  cou ld  be a t t r i b u t e d  t o  thermocouple 

h e a t  l e a k s .  We conclude t h a t  t h e  h e a t  b a l a n c e s  are  w i t h i n  a r e a s o n a b l e  de -  

g r e e  of  accu racy  c o n s i d e r i n g  t h e  f a c t  t h a t  v a r i a t i o n s  i n  t h e  s u r f a c e  e m i t t a n c e s ,  

i n s u l a t i o n s  , l e a k s  , and t h e  h e a t  f low i n  t h e  i n s t r u m e n t a t i o n  c o n n e c t i o n s  l e a d  

t o  u n c e r t a i n t i e s  of t h i s  magni tude.  4 

The a p p a r e n t  j o i n t  conductance w a s  computed from t h e  measured 

t empera tu re  drop a c r o s s  t h e  PVC i n s u l a t o r ,  and t h e  n e t  h e a t  f low d i s s i p a t e d  

by t h e  end o f  t h e  model ( P a r t  C of F i g u r e  1).  I n  a d d i t i o n ,  w e  accounted f o r  

t h e  h e a t  l e a k  through t h e  thermocouples  u s i n g  t h e  method d e r i v e d  i n  Appen- 

d i x  11. The a p p a r e n t  conductance was o b t a i n e d  from t h e  e x p r e s s i o n  

where 

q r  + QT 
AD T 

c 5  

- n e t  power r a d i a t i v e l y  d i s s i p a t e d  by P a r t  C ‘r 

% - thermocouple h e a t  l e a k  ( c a l c u l a t e d )  

A - c r o s s - s e c t i o n a l  a r e a  of model 

5 - T3 AT - t empera tu re  d rop  a c r o s s  t h e  PVC as measured by T 
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It shou ld  be noted  t h a t  t h e  c o r r e c t i o n  f o r  t h e  thermocouple l o s s e s  i s  

on ly  approximate ;  however,  t h i s  loss w a s  e s t i m a t e d  as approx ima te ly  8 p e r -  

c e n t  of t h e  r e - r a d i a t e d  power. From T a b l e  V I 1  i t  can be s e e n  t h a t  t h e  ap-  

p a r e n t  j o i n t  conductance  of Model #,1 w a s  computed t o  be lower than  Model #l; 

however,  f o r  a g iven  model t h e  computed conductances  d i d  n o t  v a r y  by more 

than  1 2  p e r c e n t .  I f  w e  compute an  ave rage  a p p a r e n t  j o i n t  conductance  t h e  

maximum d e v i a t i o n  of t h e  computed v a l u e s  i s  approx ima te ly  +15 p e r c e n t .  We 

i n v e s t i g a t e d  t h e  magnitude of  t h i s  d e v i a t i o n  by computing an  u n c e r t a i n t y  

i n t e r v a l  f o r  t h e  a p p a r e n t  conductance based on e s t i m a t e s  of  t h e  accu racy  of 

t h e  t empera tu re  r e a d i n g s  and a n  e s t i m a t e  of t h e  u n c e r t a i n t y  i n t e r v a l  of 

t h e  e m i t t a n c e .  Assuming t h a t  t h e  t empera tu res  were measured t o  w i t h i n  1 C ,  

and t h e  e m i t t a n c e  was 0.97 f 0.01, w e  c a l c u l a t e d  t h a t  t h e  most  p robab le  un- 

c e r t a i n t y  i n  t h e  j o i n t  conductance  f o r  a g iven  model would be  0.10 x 10 

wa t t s / cm K. T h i s  u n c e r t a i n t y  a l o n e  i s  approx ima te ly  10 p e r c e n t  which i s  

t h e  same o r d e r  of magni tude as t h e  s p r e a d  i n  t h e  d a t a .  In comparing t h e  

j o i n t  conductances  of Models 111 and # 2 ,  one must add i n  t h e  u n c e r t a i n t i e s  

involved  i n  t h e  s c a l i n g  p r o c e s s  a 

0 

- 
-3  

2 0  
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APPENDIX I1 

Consider  t h e  c a s e  of  a thermocouple w i r e  which acts  l i k e  a 

"long" f i n .  One end i s  ma in ta ined  a t  T i . e . ,  a t  t h e  mode1,and t h e  wire i s  

l o s i n g  h e a t  by r a d i a t i o n  t o  a low-temperature  s i n k .  I f  w e  n e g l e c t  any re- 

r a d i a t i o n  from t h e  su r round ing  s i n k ,  t h e  h e a t  f low a long  t h e  w i r e  l e n g t h  

(assuming t h a t  r a d i a l  g r a d i e n t s  are small)  i s  g iven  by the  e x p r e s s i o n  

0' 

- d2T + p ,,T4 0 2 -k Ac 
dx 

where A - c r o s s - s e c t i o n a l  a r e a  
C 

p - p e r i m e t e r  

T h i s  e q u a t i o n  can be i n t e g r a t e d  once t o  y i e l d  

11-1 

11-2 

T h i s  i s  t h e  h e a t  loss from t h e  end of a rod whose end tempera ture  i s  T . 
0 

I n  the a c t u a l  c a s e  of i n s u l a t e d  thermocouple l e a d s  i t  can be 

shown t h a t  t h e  tempera ture  g r a d i e n t  from t h e  i n n e r  copper  o r  c o n s t a n t a n  

w i r e  t o  t h e  outermost  s u r f a c e  i s  less than  a degree  f o r  ny lon  o r  f i b e r g l a s s  

i n s u l a t i o n  when t h e  r a t i o  of  t h e  O . D .  t o  t h e  wire d i ame te r  i s  approximate ly  

6 and t h e  mean tempera ture  i s  i n  t h e  v i c i n i t y  of 0 C .  The p e r i m e t e r  i n  

Equat ion  1 1 - 2  i s  thus  based  on t h e  O . D .  of t h e  i n s u l a t i o n .  Fur thermore ,  

0 
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i t  can be shown t h a t  t h e  conduc t ion  a l o n g  t h e  l e a d  i s  governed by t h e  con- 

duc tance  of t h e  w i r e  r a t h e r  t han  t h e  i n s u l a t i o n .  Thus,  t h e  c r o s s - s e c t i o n a l  

area f o r  h e a t  flow i s  based  on t h e  w i r e  d i a m e t e r ,  and t h e  c o n d u c t i v i t y  i n  

Equa t ion  1 1 - 2  i s  t h a t  of t h e  w i r e  material .  

I n  Model5 111 and P 2  t h e  thermocouples  were made of i d e n t i c a l  

wire m a t e r i a l s  , had t h e  same i n s u l a t i o n  and t h e r e f o r e  approx ima te ly  t h e  

same e m i t t a n c e ,  and a t  i d e n t i c a l  geomet r i c  l o c a t i o n s  would have t h e  same 

t e m p e r a t u r e s .  I n  t h i s  c a s e  t h e  r a t i o  of t h e  h e a t  l e a k s  a long  t h e  thermo- 

couple  l e a d s  i n  Models #1 and 112 i s  g iven  by t h e  e x p r e s s i o n  

where 

- i n s u l a t i o n  O . D .  

- w i r e  d i ame te r  

DO 

Di 

s u b s c r i p t s  1, and 2 r e f e r  t o  F i g u r e  1 nomencla ture  

The thermocouple  l e a d  d imens ions  were: 

= 0.024",  Di = 0.005'' 

= 0.0045", Di = 0.0038" 

DO 

DO 

Model #1 

Model # 2  

With t h e s e  v a l u e s  

- '* = 0 . 3 3  
41 
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Using t h e  the rma l  c o n d u c t i v i t y  of Models 411 and #2  we c a l c u l a t e d  

t h a t  t h e  r a t i o  of i n p u t  powers ( o r  l o s s e s )  would be 0 .223 ,  ( c . f .  S e c t i o n  

1 1 - 2 ) .  The thermocouples  are t h e r e f o r e  n o t  e x a c t l y  s c a l e d  ( s i n c e  w e  could  

n o t  f i n d  l e a d s  w i t h  t h e  a p p r o p r i a t e  d imens ion ) ;  however, s i n c e  t h e  h e a t  

l e a k s  are s m a l l  we would c o n s i d e r  t h e  d i f f e r e n c e  i n  t h e  s c a l e  f a c t o r  as 

having  a minor e f f e c t  on t h e  t empera tu re  d i s t r i b u t i o n .  

Based on the  measured thermocouple d imens ions  o f  Model #l  we 

c a l c u l a t e d  t h e  t o t a l  h e a t  l e a k  p e r  thermocouple  ( f o r  a copper  and a con- 

s t a n t a n  lead)  as a f u n c t i o n  of t h e  end t empera tu re  u s i n g  Equa t ion  1 1 - 2 .  (The 

e m i t t a n c e  was assumed t o  be 0 .9 ,  k QL 4.0 watts/cm°K f o r  copper  and k = 0 .25  

watts/cm K for c o n s t a n t a n ) .  
0 

q ( m i l l i w a t t s )  2 To (K) q1 ( m i l l i w a t t s )  

300 27  9 

200 10 3.3 
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